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ABSTRACT 
Parathyroid hormone (PTH) is the major regulator of the calcium and phosphate 
ions in and plays a key role in the development and homeostasis of mineralized 
tissues. Recently we demonstrated that during the formation of the incisor of mice, 
intermittent PTH administration caused an increase of dentin apposition rate and it 
was associate to changes in the composition and in the mechanical properties of 
the formed dentin. Thus, the studies presented here were designed to investigate: 
1) The effects of transient exposure (1 or 24h/cycle) or continuous (48h) to hPTH 
(1-34) in the mineral deposition and in the gene expression of alkaline 
phosphatase (ALP), metalloproteinase 2 (MMP2), Biglican (BGN) and type I 
collagen (COL1), and activity of MMP2 and ALP in odontoblast-like cells (MDPC-
23); 2) The involvement of signaling pathways dependent of protein kinase A 
(PKA) and protein kinase C (PKC) in the proliferative and apoptotic response of 
MDPC-23 at different times of exposure to hPTH (1-34) (1, 24 or 48 hours); 3) The 
effect of the hPTH (1-34) treatment on the thickness of mineral crystals formed 
during dentinogenesis of the mice incisors. 4) The effects of intermittent hPTH (1-
34) administration on the tertiary dentinogenesis in mice molars. The results 
showed that the transient exposure to PTH decreased the mineral deposition and 
ALP activity. The gene expressions of ALP, COL1 and BGN were higher in the 
group treated with PTH for 24h/cycle, while the PTH continuous administration 
group (48h) showed an increase in gene expression of COL1 and BGN. Also, the 
levels of secreted MMP2 were increased in 1h/cycle and decreased in the 
Continuous group (48h). The exposure to PTH modulates apoptotic and 
proliferative response of MDPC-23 in a time-dependent manner. Furthermore, the 
PKA pathway operates in response to short-term exposure to PTH (1h), 
maintaining levels of proliferation cell and apoptosis, whereas the PKC pathway is 
activated in longer exposure times (24 and 48h) leading to an increase apoptosis 
and decreased cell proliferation. The intermittent PTH administration did not 
change the thickness of the dentin mineral crystals of the incisors mice, and did not 
alter the deposition volume of the reactional tertiary dentin in the mice molars. 
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However, treatment with PTH increased the concentration of zinc and decreased 
calcium concentration in normal dentin of molars with or without induction of 
tertiary dentinogenesis. Thus, it can be concluded that hPTH (1-34) modulates the 
mineral deposition, proliferation and apoptosis of the odontoblasts MDPC-23 in a 
time-dependent manner, and the signaling pathways PKA and PKC dependent 
participate of that proliferative and apoptotic response. Furthermore, in the models 
used here, the intermittent administration of PTH did not affect the thickness of the 
incisor dentinal crystals, and also not shown to be able to enhance the formation of 
reactional tertiary dentin in molar mice. 
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RESUMO 
O hormônio paratireóideo (PTH) é o principal regulador da homeostasia dos íons 
minerais, cálcio e fosfato, no organismo, exercendo um papel chave no 
desenvolvimento e homeostase dos tecidos mineralizados. Recentemente nós 
demonstramos que durante a formação do incisivo de camundongos, a 
administração intermitente de PTH causou um aumento da taxa de aposição 
dentinária e resultou em mudanças nas propriedades mecânicas e materiais da 
dentina formada. Com isso, os estudos apresentados aqui se propuseram a 
investigar: 1) Os efeitos da exposição transiente (1 ou 24h/ciclo) ou contínua (48h) 
ao hPTH(1-34) na deposição mineral, na expressão gênica de Fosfatase Alcalina 
(ALP), Metaloproteinase 2 (MMP2), Biglican (BGN) e Colágeno tipo I (COL1), e na 
atividade de MMP2 e ALP em odontoblastos MDPC-23; 2) A participação das vias 
de sinalização dependentes de proteína quinase A (PKA) e proteína quinase C 
(PKC) na resposta proliferativa e apoptótica de odontoblastos MDPC-23 a 
diferentes tempos de exposição ao hPTH(1-34) (1, 24 ou 48 horas); 3) O efeito do 
tratamento do hPTH(1-34) na espessura dos cristais minerais formados durante a 
odontogênese de incisivos de camundongos. 4) Os efeitos da administração 
intermitente de hPTH(1-34) na dentinogênese terciária em camundongos. Os 
resultados mostram que a exposição transiente ao PTH diminuiu a deposição 
mineral e atividade de ALP. Já as expressões gênicas de ALP, BGN e COL1 
estavam aumentadas no grupo 24h/ciclo, enquanto que o grupo Contínuo 
apresentou um aumento da expressão gênica de BGN e COL1. Também, os 
níveis de MMP2 secretados estavam aumentados no grupo 1h/ciclo e diminuídos 
no grupo Contínuo. A exposição ao PTH modula a resposta proliferativa e 
apoptótica de odontoblastos MDPC-23 de uma maneira dependente do tempo. 
Além disso, a via PKA atua na resposta a curta exposição ao PTH (1h), mantendo 
os níveis de proliferação e apoptose das células, enquanto que a via PKC é 
ativada nos tempos mais longos de exposição (24 e 48hs) levando a um aumento 
da apoptose e redução da proliferação celular. A administração intermitente de 
PTH não alterou a espessura dos cristais minerais da dentina de incisivos em 
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formação e nem a quantidade de dentina terciária reacional em molares de 
camundongos. No entanto, o tratamento com PTH aumentou a concentração de 
zinco e diminuiu a concentração de cálcio na dentina de molares normais e em 
molares com indução de dentinogênese terciária. Com isso, pode-se concluir que 
o hPTH (1-34) modula a mineralização, apoptose e proliferação de odontoblastos 
MDPC-23 de maneira dependente do tempo, e que as vias de sinalização 
dependentes de PKA e PKC participam da resposta proliferativa e apoptótica. 
Além disso, nos modelos utilizados, a administração intermitente de PTH não teve 
efeito na espessura de cristais da dentina de incisivos, e também não demonstrou 
ser capaz de aumentar a formação de dentina terciária reacional em molares de 
camundongos.   
 
Palavras-chave: Hormônio Paratireóideo. Cultura celular. Odontoblastos. Dentina. 
Camundongos. 
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INTRODUÇÃO 
O hormônio paratireóideo (PTH) é um polipeptídeo de 84 aminoácidos 
sintetizado pelas quatro glândulas paratireóides (Swarthout et al., 2002), sendo 
que o fragmento PTH (1-34) constitui os primeiros 34 aminoácidos da cadeia 
polipeptídica do hormônio e produz os seus principais efeitos biológicos (Neer et 
al., 2001). 
Desde o início do século XX, o PTH vem sendo estudado, mas somente 
a partir da década de 70, após a bem sucedida síntese química do PTH humano 
(1-34), é que ele pôde ser investigado com mais detalhes (Frolik et al., 2003). 
Por ser o principal regulador da homeostasia dos íons minerais, cálcio e 
fosfato, nos rins e ossos (Habener et al., 1984), e indiretamente no intestino (Fleet 
et al., 1994), o PTH funciona como um mediador na remodelação óssea (Strewler 
et al., 1987), o que é fisiologicamente observado na sua ação em mobilizar estes 
íons, quando necessário, pela estimulação da atividade osteoclástica (Neer et al., 
2001; Frolik et al., 2003; Horwitz et al., 2003). 
O PTH estimula a formação e a reabsorção óssea, e pode aumentar ou 
diminuir a massa óssea dependendo da sua forma de administração (Neer et al., 
2001; Horwitz et al., 2003). A administração intermitente de PTH tem um efeito 
anabólico no tecido ósseo, podendo tratar os efeitos da osteoporose, o que já foi 
demonstrado em trabalhos com humanos e roedores (Hodsman et al., 2005), 
sendo atualmente a única droga anabólica óssea permitida para uso em humanos 
(Food And Drug Administration - FDA, 2002). Adicionalmente, foi demonstrado que 
o efeito anabólico do PTH é capaz de acelerar o reparo de fraturas ósseas em 
macacos (Manabe et al., 2007), e em ratos (Warden et al., 2009).  
Embora o completo mecanismo que gera este anabolismo não seja 
totalmente compreendido, sabe-se que o aumento da massa óssea provocada 
pela administração intermitente de PTH, pode estar relacionado a uma 
estimulação da proliferação e diferenciação de osteoblastos, bem como, uma 
diminuição da taxa de apoptose destas células (Swarthout et al., 2002; Jilka, 
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2007). Esses efeitos são obtidos pela exposição repetida e transitória das células 
ósseas ao PTH, já que o hormônio é eliminado da circulação dentro de 2-3 horas 
após a administração (Lindsay et al., 1993; Frolik et al., 2003; Bellido et al., 2005). 
Evidências in vitro e in vivo indicam que a transiente ativação do 
receptor 1 para PTH (PTH1R) ativa múltiplas e interconectadas vias de 
sinalização, que levam a uma diminuição da replicação dos progenitores de 
osteoblastos, aumento da diferenciação, e a produção e/ou ativação de fatores de 
crescimento osteogênico (Jilka, 2007). 
O PTH1R é um receptor transmembreana 7-helicoidal, acoplado a uma 
proteína G, que é ativado pela ligação com dois distintos ligantes: hormônio 
paratireóideo (PTH) e o peptídeo relacionado ao hormônio paratireóideo (PTHrP) 
(Datta e Abou-Samra, 2009). A ativação do PTH1R por PTH ou PTHrP provoca 
um aumento agudo de várias moléculas de sinalização intracelular, das quais 
inclui duas clássicas cascatas de sinalização da proteína G, adenilato ciclase (AC) 
e fosfolipase C (PLC). A estimulação da cascata de sinalização da AC leva a 
produção de cAMP, e subsequente ativação da proteína quinase A e fosforilação 
de fatores de tanscrição, os quais regulam a transcrição de genes alvos do PTH. 
PTHR1 também estimula a fosfolipase C (PLC), acumulando inositol trifosfato 
(IP3) e diacilglicerol (DAG); IP3 aumenta a concentração intracelular de cálcio e a 
DAG ativa a proteína quinase C (PKC); e consequentemente, efeitos genômicos 
por meio de fatores de transcrição regulados pelo cálcio e PKC (Gensure et al., 
2005; Phelps et al., 2005; Gesty-Palmer et al., 2006; Jilka, 2007; Datta e Abou-
Samra, 2009). 
Também já foi demonstrado um papel crítico da via de sinalização Wnt 
no efeito anabólico induzido pelo PTH (Bodine et al., 2007; Kramer et al., 2010a; 
Kramer et al., 2010b). Mais especificamente, o PTH estimula a via de sinalização 
Wnt ⁄ b-catenina, ativando a LRP6 (Wan et al., 2008) e inibindo a síntese de 
esclerostina e outros antagonistas da Wnt (Bellido et al., 2005; Keller e Kneissel, 
2005; Bodine et al., 2007; Guo et al., 2010). Além disso, este hormônio também é 
capaz de modular a expressão gênica de proteínas da matriz extracelular (Locklin 
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et al., 2003; Turner et al., 2007), levando a um aumento na deposição de matriz 
em vários ossos, inclusive na mandíbula (Miller et al., 1997; Jilka, 2007; Manabe et 
al., 2007). 
Embora os efeitos da ativação de PTH1R por PTH em tecidos 
mineralizados tem sido avaliado frequentemente em células ósseas, outras 
células, tais como, células do ligamento periodontal (Lossdörfer et al., 2006) as 
células da polpa dentária (Nagata et al., 1989; Hamasaki et al., 1992), 
odontoblastos (Lundgren et al., 1998; Calvi et al., 2004; Kato et al., 2005) 
expressam PTH1R e também podem responder ao tratamento com PTH. A 
expressão de PTH1R parece ser crucial para o normal desenvolvimento dentário 
em roedores e humanos (Beck et al., 1995; Philbrick et al., 1998; Kato et al., 
2005). Camundongos expressando PTH1R de maneira constitutiva, durante a 
odontogênese fetal e neonatal, apresentam falta de maturação odontoblástica e 
anormal formação de matriz dentinária (Calvi et al., 2004). 
A dentina, o mais volumoso tecido mineralizado do dente, é formado 
pelos odontoblastos em um processo denominado dentinogênese. A dentina aloja 
em seu interior a polpa dentária, sendo recoberta pelo esmalte na porção 
coronária e pelo cemento na porção radicular. Este complexo tecido de natureza 
conjuntiva é constituído por uma porção orgânica (proteínas colágenas e não-
colágenas) e por outra porção mineralizada (hidroxiapatita) (Nanci, 2008). 
 A dentina, juntamente com o esmalte, fornece uma barreira de 
proteção ao meio exterior à polpa, principalmente, contra as bactérias. Quando 
uma lesão, tanto traumática quanto causada por cárie, quebra essa barreira, se 
tem a necessidade de reparação para evitar a invasão da câmara pulpar por 
bactérias. Além disso, a manutenção da vitalidade pulpar é essencial para a 
contínua deposição de dentina realizada por esse tecido. Uma vez que esse 
processo é interrompido, a espessura de dentina na extensão do canal radicular é 
reduzida, resultando em maior fragilidade da estrutura dental, o que pode 
complicar a realização de possíveis tratamentos endodônticos (Nör, 2006). 
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Frente a diversos fatores, como cárie, atrição, traumas, o complexo 
dentina-polpa tem um potencial regenerativo, o qual leva a formação de uma 
dentina terciária, que pode ser do tipo reacional ou reparativa (Sloan e Smith, 
2007; Waddington et al., 2009; Simon et al., 2011; Frozoni et al., 2012). A dentina 
reacional é formada pelos odontoblastos que sobreviveram à injúria, e contém 
túbulos que são contínuos com a dentina secundária, enquanto que, em casos 
onde a injúria é mais intensa ocasionando a morte dos odontoblastos, células 
progenitoras são recrutadas para o sítio de lesão e se diferenciam em 
“odontoblast-like cells” para secretar a dentina reparativa, que exibe em um 
primeiro momento um aspecto osteóide (Sloan e Smith, 2007; Waddington et al., 
2009; Aguiar e Arana-Chavez, 2010; Simon et al., 2011; Frozoni et al., 2012). 
Durante o processo de reparo dentinário, são recapitulados eventos do 
desenvolvimento (Smith e Lesot, 2001). No início da formação da dentina, os 
odontoblastos secretam uma matriz não mineralizada, rica em colágeno tipo I, 
denominada predentina. Esta fase orgânica se situa entre a frente de 
mineralização e as células, sendo posteriormente transformada em fase 
mineralizada, após a deposição de cristais de hidroxiapatita realizada pelos 
odontoblastos. Este processo de biomineralização se assemelha muito ao que 
ocorre na formação do tecido ósseo (Butler et al., 2003; MacDougall et al., 2006; 
Qin et al., 2007). É de fundamental importância a compreensão de como os íons 
que constituem a fase inorgânica são transportados da circulação para o sítio de 
formação mineral e como este transporte é regulado (Linde, 1995). 
O cálcio é um íon essencial na composição dos cristais minerais 
durante a dentinogênese (Pekkala et al., 2000; Morohashi et al., 2002; Zhang et 
al., 2009), e como já mencionado, sua regulação no organismo é realizada 
principalmente pelo hormônio paratireóideo (PTH). Já foi demonstrado que 
alterações nos níveis séricos de PTH levam a uma anormal formação de dentina 
(Yonaga, 1978; Chardin et al.,1995) e que, dependendo da dose, o PTH estimula 
a aposição de dentina em ratos paratireoidectomizados (Turnbull et al., 1983). 
Além disso, em um estudo prévio nós demonstramos que, durante a formação do 
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dente incisivo em camundongos, a administração intermitente de PTH causou um 
aumento da taxa de aposição dentinária, além de aumentar a microdureza e a 
concentração de Cálcio e Fósforo na dentina recém-formada (Guimarães et al., 
2012). 
Diante do exposto, o presente estudo se propôs investigar:  
1) Os efeitos da exposição transiente (1 ou 24h/ciclo) ou contínua ao 
hPTH(1-34) na deposição mineral, na expressão gênica de Fosfatase Alcalina 
(ALP), Metaloproteinase 2 (MMP2), Biglican (BGN) e Colágeno tipo I (COL1), e na 
atividade de MMP2 e ALP em odontoblastos MDPC-23 (CAPÍTULO 1);  
2) A participação das vias de sinalização dependentes de proteína 
quinase A (PKA) e proteína quinase C (PKC) na resposta proliferativa e apoptótica 
de odontoblastos MDPC-23 a diferentes tempos de exposição ao hPTH(1-34) (1, 
24 ou 48 horas) (CAPÍTULO 2); 
3) Os efeitos da administração de hPTH(1-34) na espessura de cristais 
de minerais da dentina durante a formação de incisivos de camundongos 
(CAPÍTULO 3); 
4) Os efeitos da administração intermitente de hPTH(1-34) na 
dentinogênese terciária em camundongos (CAPÍTULO 4). 
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CAPÍTULO 1  
Evaluation of the effects of transient or continuous PTH administration to 
odontoblast-like cells (MDPC-23) 
 
Gustavo Narvaes Guimarães, Rafael Nóbrega Stipp, Thaisângela Lopes Rodrigues, Ana 
Paula de Souza, Sergio Roberto Peres Line, Marcelo Rocha Marques 
 
Abstract 
Parathyroid hormone participates in the metabolism of mineralized tissue. Its role in the 
formation of dentin is, as yet, incompletely understood. In the present study we analyzed 
the effect of transient (1 and 24-h/cycle) or continuous hPTH(1-34) treatment in 
odontoblast-like cells (MDPC-23) to the follow parameters: mineral deposition detected by 
alizarin red, mRNA expression of the type I collagen (COL1), alkaline phosphatase (ALP), 
biglycan (BGN), matrix metalloproteinase 2 (MMP-2) and dentin sialophosphoprotein 
(DSPP) quantified by qRT-PCR. MMP-2 and ALP activities were quantified by 
zymography and colorimetric assay, respectively. The results showed that compared to 
Control group: intermittent PTH administration (1 and 24-h/cycle) decreased the mineral 
deposition and ALP activity. DSPP gene expression was not detected in both control and 
PTH treated cells. The PTH administration for 24-h/cycle increased the ALP, BGN and 
COL1 mRNA expression and continuous PTH treatment increased BGN and COL1 mRNA 
expression. Zymography assays showed that compared to Control group: PTH treatment for 
1-h/cycle increased the total MMP-2 secretion and the continuous treatment decreased the 
secreted levels of MMP-2 active-form. Taken together, the results shown that PTH may 
regulate the odontoblast-like cells-induced secretion, and potentially this hormone can 
affect in vivo odontoblasts functions.   
 
1. Introduction 
Dentinogenesis is the dentin formation process in which the odontoblasts are responsible 
for the organic matrix synthesis, and posterior mineral crystal deposition in this matrix. 
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This pattern of formation is similar to that of bone, another mineralized connective tissue. 
For both mineralized tissues, it is of fundamental importance understanding how the ions 
constituting the inorganic phase are transported from the circulation to the site of mineral 
formation and how this transport is regulated.1 
Calcium is an essential ion for the composition of the mineral crystals during 
dentinogenesis. Changes in the serum calcium levels lead to structural alterations of the 
forming dentine.2-5 Calcium metabolism is regulated mainly by parathyroid hormone 
(PTH), and studies have been performed to understand how PTH influences the 
mineralization process.6-8 
The overall function of endogenous PTH, an 84-amino acid peptide secreted by the 
parathyroid glands, is to maintain normal extracellular calcium levels by enhancing 
gastrointestinal calcium absorption, renal tubular calcium and phosphate resorption, and 
osteoclastic bone resorption, thereby releasing calcium from the skeleton.9 The PTH 
primary biological activity is similar to PTHrP (parathyroid hormone-related protein), and 
its activity resides mainly within the 1-34 N-terminal fragment.10 Although it has been 
shown that PTH is involved in the control of extracellular matrix deposition and 
biomineralization process on mineralized tissues,9 little is known about the hormonal 
regulation during dentin formation. 
The expression of the PTHrP and/or PTH1R (parathyroid hormone receptor 1) 
appears to be crucial to normal tooth development in both rodent and human.10-12 Calvi et 
al.13 reported fetal and neonatal odontogenesis in collagen promoter-driven constitutively 
active PTHR1 mice, and described the consequences of the activation as odontoblastic 
maturation delay and formation of abnormal dentin matrix. In addition, PTH can stimulate 
dentin apposition in the thyroparathyroidectomized rat in a dose-dependent manner.14   
Understanding PTH function in cells associated with teeth formation is important 
for broadening our knowledge of the regulatory role of PTH during formation and 
regeneration of all mineralized tissues. Recently we showed that during mouse incisor 
formation the intermittent PTH administration caused an increase of the dentin apposition 
rate, dentin microhardness and also the relative concentration of Ca and P in the peritubular 
dentin.15  Therefore, in the present study we evaluated the effect of the PTH treatment 
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(continuous or transient) on odontoblast-like cells (MDPC-23) under the following 
parameters: calcium deposition, ALP, COL1, MMP-2 and BGN gene expression, ALP and 
MMP-2 activities. 
 
2. Material and methods 
 
2.1. Cell culture and PTH administration 
Murine odontoblast-like cells line MDPC-2316 were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Cultilab, SP, Brazil) supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) (LGC Biotecnologia, SP, Brazil) and penicillin (100 units/mL) / 
streptomycin (100 μg/mL) (GIBCO, Auckland, New York, USA) at 37°C in an atmosphere 
of high humidity and 5 % CO2. Initially, the cells were plated at a concentration of 2 x 
105/mL in multi-well plates and cultured for 72 hours until they had reached a confluent 
state. In order to assess whether different ways of PTH treatment could modulate the 
MDPC-23 response, confluent cells were cultured in the presence of 50 ng/mL hPTH (1-
34) (Sigma-Aldrich, St Louis, MO, USA) diluted in H20 for 1 or 24 hours within a 48-h 
incubation cycle, and then cultured without PTH for the remaining time of the each cycle. 
These cycles were carried out three or ten times (mineralization assay) and the analyses 
were performed at the end of experiment period. This intermittent treatment regimen was 
used to mimic the potentially anabolic effects of PTH.17-18 In parallel, the cells were 
subjected to continuous PTH exposure throughout the entire experimental period. During 
this experimental period the culture medium was supplemented with 2% FBS (except for 
mineralization assay) and changed each 48 hours. Vehicle-treated for each group and 
untreated cultures served as controls.  
 
2.2. Viability assay 
Cell viability was assessed by 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide 
(MTT) reduction to formazan crystals by mitochondrial enzymes reductases, using a MTT 
biochemical assay (CellTiter 96® Non-Radioactive Cell Proliferation Assay) (Promega, 
Madison, WI, USA) in 96-well plates (n=7). Initially, it was added at the experimental 
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medium 15 µL of MTT solution and incubated for 4 hours at 37°C in 5 % CO2. Control 
wells without cells containing experimental medium were incubated in parallel with test 
samples to measure the absorbance background. Afterwards, it was added 100 µL of 
solubilization/stop solution to solubilize the formazan product incubating for 1 hour at 
37°C in 5 % CO2. Finally, the multiwell plate was mixed until complete salt crystal 
dissolution and absorbance was measured in an ELISA reader (Molecular Devices, CA, 
USA) using the software VersaMax (test wavelength: 570 nm; reference wavelength: 630 
nm).  
 
2.3. ALP activity 
The cells were cultured in 96-well plates (n=7) and the alkaline phosphatase (ALP) activity 
was measured, as the release of thymolphthalein from hydrolysis of thymolphthalein 
monophosphate performed by alkaline phosphatase, using a commercial kit (Labtest 
Diagnostica S/A, MG, Brazil). First, the wells were filled with 0.1 mL of deionized water, 
followed of five cycles of thermal-shock (alternating temperature between 15 min at 37°C 
and 20 min at -20°C) to induce cell lysis.19 After that, 50 µL of thymolphthalein 
monophosphate were mixed with 0.5 mL of diethanolamine buffer, 0.3 mmol/mL 
(pH=10.1), and left for 2 min at 37°C. Afterwards, 50 µL of the cell lysate was added. This 
stood for 10 min at 37°C, then 2 mL of a solution of Na2CO3 (0.09 mmol/mL) and NaOH 
(0.25 mmol/mL) was added to allow color development. Controls without added enzyme 
(cell lysate) were included to allow the determination of non-enzymatic hydrolysis of 
substrate. Finally, the absorbance was measured at 590 nm by software VersaMax in an 
ELISA reader, the ALP levels were calculated from a standard solution and data are 
expressed as U/L of ALP. 
 
2.4. Mineral Deposition assay 
To determine the mineral deposition in response to PTH administration, the MDPC-23 cells 
were cultured in osteogenic medium supplemented with 10% FBS, containing 2 mM β-
glycerophosphate (Sigma-Aldrich, St Louis, MO, USA) and 50 µg/mL L-ascorbate (Sigma-
Aldrich, St Louis, MO, USA) for 10 cycles of 48-h incubation, resulting in a total 
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experimental period of 20 days. The degree of mineralization was measured by an Alizarin 
Red staining protocol.20 At the end experimental period, the monolayer in 24-well plates 
(n=5) was washed with phosphate-buffered saline (PBS) (LGC Biotecnologia, SP, Brazil) 
and fixed in 4 % paraformaldehyde (Sigma-Aldrich, St Louis, MO, USA) at room 
temperature for 1 hour. The monolayer was then washed twice with PBS prior to addition 
of 1 mL of 40 mM alizarin red S (pH=4.1) (Sigma-Aldrich, St Louis, MO, USA) per well. 
The plates were incubated at room temperature for 20 min with gentle shaking. After 
aspiration of the unincorporated dye, the wells were washed four times with 4 mL of 
distilled water while shaking for 5 min. The plates were left at an angle for 2 min to 
facilitate removal of excess water, reaspirated, and then visualized by phase microscopy 
using an inverted microscope (Motic AE 20/21, China). For quantification of staining, 800 
µL of 10 % acetic acid (Merck, Darmstadt, Germany) was added to each well, and the plate 
was incubated at room temperature for 30 min with shaking. The monolayer, now loosely 
attached to the plate, was then scraped from the plate with a cell scraper (Corning 
Incorporated, NY, USA) and transferred to a 1.5 mL microcentrifuge tube with a wide-
mouth pipette. After vortexing for 30 sec, the slurry was overlaid with 500 µL of mineral 
oil (Sigma–Aldrich, St Louis, MO, USA), heated to exactly 85°C for 10 min, and 
transferred to ice for 5 min. The slurry was then centrifuged at 20,000 g for 15 min and 500 
µL of the supernatant was removed to a new 1.5 mL microcentrifuge tube. Then 200 µL of 
10 % ammonium hydroxide (Sigma-Aldrich, St Louis, MO, USA) was added to neutralize 
the acid. Aliquots (150 µL) of the supernatant were read in duplicate in 96-wells format at 
405 nm by software VersaMax in an ELISA reader. Cells cultured without osteogenic 
medium were used as staining negative control. 
 
2.5. Gene expression by qRT-PCR 
Reverse transcription followed by qPR was utilized in order to evaluate the effect of PTH 
administration on the expression of ALP, COL1, MMP-2, BGN and DSPP genes in 
MDPC-23 cells. The total RNA was harvested from cells in 6-well plates (n=3) and 
extracted using the TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), following the 
manufacturer’s recommendation. The RNA quantification and purity were measured by 
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photometric measurement using a Nanodrop 2000 Spectrophotometer (Thermo Fisher 
Scientific, Wilmington, DE, USA), and the RNA quality was assessed by electrophoresis 
on a denaturing 2 % agarosis gel. One microgram of total highly purified RNA was treated 
with DNase (Invitrogen, Carlsbad, CA, USA) and 500 ng was used for cDNA synthesis. 
The reaction was carried out using the SuperScript III First-strand Synthesis of the Oligo 
(dT) primer (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s 
recommendations. Real-time PCR was conducted in the LightCycler® 480 II (Roche 
Diagnostics GmbH, Indianapolis, IN, USA) using the Jump Start SYBR Green Taq Ready 
Mix™ (Sigma-Aldrich, St Louis, MO, USA). In the amplification it was used the 
TaqMan® Hydrolysis Probe (Applied Biosystems, Life Technologies, Carlsbad, CA, USA) 
for ALP (Assay ID: Mm00475834_m1) and DSPP (Assay ID: Mm00515666_m1) and 
primers sequences (IDT®, Integrated DNA Technologies, Coralville, IA, USA) for COL1, 
MMP-2 and BGN, designed with Primer3 software  (http:// 
biotools.umassmed.edu/bioapps/primer3_www.cgi). The sequences of the primers used 
were: COL1 (Col1a1, Gene ID: 12842) (forward 5’-GTCAGCAGATTGAGAACATCC-3’; 
reverse 5’-TGAGTAGGGAACACACAGGTC-3’, amplicon: 196 pb, GenBank 
NM_007742.3); MMP-2 (Mmp2, Gene ID: 17390) (forward 5’-
AAAGATACCCTCAAGAAGATG-3’; reverse 5’-CAGGTCAGGTGTGTAACCAAT-3’; 
amplicon with 196-bp, GenBank NM_008610.2); BGN (Bgn, Gene ID: 12111) (forward 
5’-TAGGAAAGATGGATAGACCACAC-3’; reverse 5’-
GAACTTGTTGAAGAGAGAACACC-3’; amplicon with 145-bp, GenBank 
NM_007542.4). The reaction solution was carried out in 96-well plates with a final volume 
of 20 µL, containing 1 µL of cDNA, 1 µL of probe or set of primers (5 pmols), 10 µL of 
Jump Start SYBR Green Taq Ready Mix and 8 µL of Nuclease-Free water. The SYBR 
Green amplification conditions consisted in a initial denaturation of 5 min at 95°C, 
followed by 40 cycles of 15 sec at 95°C (denaturation), 30 sec at 54°C (COL1); 59°C 
(MMP-2; BIGL); 60°C (ALP); 60°C (DSPP) (annealing temperature), and 30 sec at 72°C 
(extension). The threshold was set above the non-template control background and within 
the linear phase of target gene amplification to calculate the cycle number at which the 
transcript was detected, denoted Cp (Crossing point). Target genes expression were 
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normalized by the reference housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Gapdh, Gene ID: 14433) (forward 5’-
GTGCTGAGTATGTCGTGGAGT-3’; reverse 5’-TTGTCATATTTCTCGTGGTTCA-3’; 
amplicon 154-pb, GenBank NM_008084.2) and the mean value for the control group was 
set to 100% of mRNA expression and served as a reference.  
 
2.6.  Zymography 
To evaluate whether PTH administration affect the MMP-2 secretion, MDPC-23 cells were 
cultured as previously describe in 96-well plate (n=4). At the end experimental period (3 
cycles x 48hs), the cells were washed with PBS and cultured in the absence of FBS for 24 
hours at 37°C in an atmosphere of high humidity and 5 % CO2 for MMPs secretion. Then, 
cell culture medium (DMEM) containing the secreted MMPs was collected and frozen at -
70°C. After thawing the protein concentration was determined by a Bio-Rad Protein Assay 
(Bio-Rad Laboratories, Hercules, CA, USA), using the Bradford method. Fifteen ng of the 
each sample was mixed with non-reducing sample buffer (2 % SDS; 125 mM Tris-HCl, pH 
6.8, 10 % glycerol, and 0.001 % bromophenol blue) and resolved in 10 % sodium dodecyl 
sulfate–polyacrylamide gels copolymerized with 1.6 mg/mL of gelatin (Sigma-Aldrich, St 
Louis, MO, USA) as substrate. Protein renaturation was done by incubation of the gels in 2 
% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA), and then the gels were immersed in 
activation buffer (50 mM Tris-HCl, pH 7.4, 5 mM CaCl2) for 16 hours at 37°C. 
Gelatinolytic activity was detected after staining with Coomassie Brilliant Blue R250 (Bio-
Rad Laboratories, Hercules, CA, USA). To confirm that the bands were related to MMP-2 
activity, a molecular weight was used and also control reaction was made to inhibit the 
gelatinolytic activity by adding 2 mM of 1.10-phenanthroline (Sigma-Aldrich, St Louis, 
MO, USA), a nonselective zinc chelator, to the activation buffer, confirming the specificity 
of the reactions. The gel image was obtained by Gel Logic 212 PRO (Carestream Health, 
Inc., USA) using a Molecular Image Software 5.0 (Carestream Health, Inc., USA). The area 
of the bands was determined using the Image J 1.45 (National Institute of Health, USA). 
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2.7. Statistical analysis 
Data are presented as mean ± standard deviation (SD). The statistical significance of 
differences among the results was analyzed by ANOVA followed by a multiple 
comparisons Tukey’s test at a 5% level of significance. 
 
3. Results  
No significant differences were found between the vehicle-treated and untreated cultures, 
and therefore, in all of the figures only one control culture is presented (Control).  
MTT assay was used to determine the effect of PTH treatment on cell viability, and 
the results showed that PTH did not affect cell viability regardless the mode of 
administration (Fig. 1a). The ALP activity was significantly decreased by the intermittent 
treatment with PTH (1-h and 24-h/cycle) compared to Control group. The continuous PTH 
regimen did not change the ALP activity of all other groups (Fig. 1b). 
 
Fig. 1 – The graphics represents the means ± SD of the values obtained for cell viability (a) and 
ALP activity (b) after intermittent (1-h and 24-h/cycle) or Continuous hPTH (1-34) administration 
in MDPC-23 cells. (a)  No significant differences on the MDPC-23 cells viability were found by 
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PTH administration. (b) Intermittent PTH administration (1-h and 24-h/cycle) decrease significantly 
the ALP activity compared to the Control group. (1-h, 24-h and Continuous: PTH-treated groups 
during 1, 24 and 48-h/cycle respectively; Control: PTH-untreated culture). * p < 0.01; ** p < 0.05;  
significant differences compared to Control group.  
 
The effect of PTH administration on the mineral deposition in MDPC-23 cells was 
assessed by Alizarin Red-S staining quantification.  The Fig. 2 shows that after 10 cycles of 
48-h incubation, depending on the exposure time of this hormone in each incubation cycle, 
the PTH induced different effects on the mineral deposition. The values obtained for 
mineral deposition assay in the 1-h and 24-h/cycle groups under PTH treatment was 
significantly smaller than in the Control and Continuous groups. No statistical differences 
were found comparing the PTH continuous treatment with the Control group. 
 
Fig.2 – Means ± SD of the values obtained after Alizarin Red staining of the MDPC-23 cells-
induced mineralization (representative wells are shown below the graph). Intermittent PTH 
administration (1-h and 24-h/cycle) decrease significantly the mineralized nodule formation 
compared to Control and Continuous groups. The values obtained to continuous PTH exposure did 
not differ from Control values. (1-h, 24-h and Continuous: PTH-treated groups during 1, 24 and 48-
h/cycle respectively; Control: PTH-untreated culture). *p < 0.01; significant difference compared to 
Control group. 
 
In the experimental time evaluated we have not found gene expression for DSPP in 
MDPC-23 cells in both control and PTH treated cells. Fig. 3 shows the changes in the 
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mRNA expression of MMP-2, ALP, BGN and COL1 in MDPC-23 cells submitted to PTH 
treatment.  Gene expression of MMP-2 was not affected by the PTH in any of the evaluated 
treatments. The ALP mRNA expression increased significantly in the 24-h/cycle of PTH 
administration compared to all other groups. The 1-h group had a decrease of the ALP 
expression compared to Control group. BGN and COL1 gene expression in MPCD-23 cells 
were modulated by the time of PTH stimulus. For BGN and COL1 expression, the 1-h 
group presented no significant difference compared to Control group, but both, 24-h and 
Continuous groups, showed a higher BGN and COL1 expression than Control and 1-h 
groups. 
 
Fig. 3 – Graphics represents means and ± SD of the normalized data of the relative mRNA expression of 
MMP-2, ALP, BGN and COL1 in response to different regimens of exposure to PTH. The mean value 
for the control group was set to 100% of mRNA expression and served as a reference. MMP-2 
expression was not modulated by PTH treatments. The 24-h group presented higher ALP, BGN and 
COL1 expression than to other groups. The 1-h/cycle PTH treatment shows a decrease of ALP 
expression compared to Control group. The Continuous group showed a higher BGN and COL1 
expression in relation to Control group. (1-h, 24-h and Continuous: PTH-treated groups during 1, 24 and 
48-h/cycle respectively; Control: PTH-untreated culture). Different letters mean significant statistical 
difference. * p < 0.01; # p < 0.05; significant differences in relation  to Control group. 
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Three bands were detected in the zymographic assays, one shaper band (pro-form 
MMP-2) with an approximate molecular mass of 72-kDa and two broader bands migrating 
at approximately 68-KDa (intermediate form MMP-2) and 62-KDa (active-form MMP-2) 
(Fig. 4a). Fig. 4 shows that secreted levels of MMP-2 were modulated by PTH. The 1-
h/cycle PTH intermittent treatment increased the total MMP-2 secretion, especially the 
intermediate (74%) and active (46%) ones, when compared to Control group. The 
continuous PTH administration decreased significantly the secreted levels of active form of 
MMP-2 in relation to Control group. 
 
 
Fig. 4 – The effect of PTH administration on the MMP-2 activity in MDPC-23 cells was evaluated 
by zymographical analysis. (a) Gelatin zymography showing the three MMP-2 (pro, 72-KDa), 
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(intermediate, 68-KDa) and (active, 62-KDa) forms secreted by MDPC-23 cells in all experimental 
groups. (b) The area of the bands was determined by Image J software. No differences were found 
MMP-2 pro-form secretion. The 1-h group presented higher total MMP-2 secretion, mainly the 
intermediate and active- forms compared to Control group. The continuous exposure to PTH 
decreased significantly the MMP-2 active-form secretion in relation to all other groups. (1-h, 24-h 
and Continuous: PTH-treated groups during 1, 24 and 48-h/cycle respectively; Control: PTH-
untreated culture). ** p < 0.05; * p < 0.05; significant differences compared to Control group. 
 
4. Discussion 
Parathyroid hormone (PTH) maintains calcium homeostasis through direct actions on bone 
and kidney, and through indirect actions on the gastrointestinal tract.21 The function of PTH 
in controlling the activity of cells associated with tooth formation, such as dentin, has not 
been further investigated, in part due to lack of suitable model systems as in vitro cell lines. 
MDPC-23 cells were treated with continuous PTH exposure throughout the experimental 
period and, in parallel, we established a culture system that simulates a PTH intermittent 
treatment regimen (1-h/cycle and 24-h/cycle), in order to reproduce a possible anabolic 
PTH effect in vitro.17-18  
Changes in PTH levels in blood are commonly found in parathyroid gland or renal 
associated diseases.22-23 Previous studies with rats showed that high blood levels of PTHrP, 
a protein with biological activity similar to that of parathyroid hormone (PTH), delay 
odontoblasts differentiation from columnar phenotype to high-columnar phenotype, leading 
to dentin malformation.12 The results found in our in vitro model to study odontoblast-like 
cells behavior indicated that PTH could potentially modulate odontoblast function and 
differentiation in vivo. 
In the present study, after three cycles of 48-h incubation, we did not find gene 
expression for DSPP in MDPC-23 cells. Although the other studied parameters are not 
specific for odontoblasts, the evaluated genes are certainly important for odontoblasts 
normal in vivo functions.  
Alkaline phosphatase (ALP) activity is frequently used for the evaluation of 
osteoblastic differentiation.24 This enzyme is crucial for the initiation (but not for the 
progression / maintenance) of the matrix mineralization process.25 ALP activity has been 
co-localized with parathyroid hormone (PTH) receptors in cultured osteoblast-like cells, 
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and stimulation with the amino-terminal human PTH (1-34) may upregulate the activity of 
ALP in such cell lines.26-27 ALP activity, however, is not a specific marker for the anabolic 
process in all cell types. There was a significant decrease in the ALP activity in the PTH-
intermittent groups (1 and 24-h/cycle) in relation to Control group in the same period (Fig. 
1b), although, only for 1h/cycle, PTH decreased ALP gene expression compared to Control 
group (Fig. 3). The continuous regimen did not alter the ALP activity compared to 
intermittent treatments and Control groups (Fig. 1b). These results indicate that, although 
the PTH 24h/cycle increased the ALP mRNA expression, post-transcriptional events 
caused an attenuation of ALP activity, which was correlated with the mineral deposition.  
During the transition of predentin into dentin, the proteoglycans, such as biglycan 
and decorin, organize type I collagen into a more fibrilar form near the mineralization front 
in order to induce the proper mineral deposition along the collagen fibrils and inside the 
fibrils.28-29 Although PTH can modulate BGN and COL1 gene expression in different cells 
types,30-31 our study showed for the first time this regulation in odontoblastic cells.  In 
response to PTH treatment, the results showed a similar pattern of variation for BGN and 
COL1 mRNA expression. Both BGN and COL1, after 24-h/cycle and continuous PTH 
treatment, showed a higher BGN and COL1 expression than the Control group, and this 
data are not correlated with mineral deposition. 
The MMPs are gelatinases with collagen-degrading ability, and presumably 
contribute to organic matrix reorganization during the dentin mineralization.32 In addition, 
some of these enzymes are incorporated into dentin, since at least gelatinase A (MMP-2) 
and enamelysin together with a yet unidentified latent collagenolytic enzyme have been 
found in dentin.32 Although no changes were verified in MMP-2 mRNA levels, we found, 
by zymographic assay, that PTH modulates the MMP-2 secretion in MDPC-23 cells by 
time-dependent manner. The 1-h/cycle treatment with to PTH up-regulated the secreted 
levels of the intermediate (~68-kDa) and active (~62-kDa) forms of the MMP-2 in relation 
to Control group, whereas, the continuous PTH stimulation decreased  the MMP-2 active-
form secretion.  
PTH can induce MMP-2 secretion in growth plate chondrocyte cultures, and its 
induction is involved in the programmed extracellular matrix degradation during 
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endochondral bone formation.33 The decrease of calcium deposition by treatment of PTH 
during 1-h/cycle correlates with an increase of MMP-2 secretion. We hypothesized that 
MMP-2, in this case, could accelerate ECM degradation (COL1 e and BGN), and, 
therefore, disturb the posterior calcium deposition. 
In contrast with our previous study which demonstrated that intermittent PTH 
administration caused an anabolic effect during mice dentin formation,15 the present study 
shows that the intermittent PTH administration (1 and 24-h/cycle) modulates odontoblast-
like cells differentiation, decreasing the calcium deposition. The suppression of the calcium 
deposition has also been observed after in vitro PTH exposure to primary calvarial 
osteoblasts, calvarial explants, osteoblast-like cell lines and cementoblasts.34-35 
The causes of the different response of the odontoblast-like cells to continuous or 
intermittent treatment is unknown, but it was demonstrated that PTH has diverse effects on 
osteoblast differentiation depending on the exposure time in vitro mediated through 
different signal transduction systems.17 Similarly to our results to odontoblast-like cells, 
Ishizuya et al.17 found that when osteoblasts are exposed intermittently to PTH only for the 
first hour of each 48-h incubation cycle, ALP activity, expression of ALP and Osteocalcin 
mRNAs, and the formation of bone nodules are inhibited compared to cells free from PTH 
treatment, and that cAMP/PKA is the major signal transduction system involved in the 
inhibitory effect of 1-h intermittent exposure to PTH in osteoblasts. Although there are few 
studies investigating the effect of PTH in the intracellular odontoblasts signaling, Lundgren 
et al.6 also reported that the PTH binding to odontoblasts PTHR1 lead to an activation of 
the PKA/cAMP pathway. 
The results showed that PTH can modulate odontoblast-like cells in time-dependent 
manner. Furthermore, new studies have to be designed in order to elucidate other PTH roles 
in the odontoblast differentiation and in dentin formation. 
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CAPÍTULO 2 
 
Parathyroid Hormone (1-34) Modulates Odontoblast Proliferation and 
Apoptosis via PKA and PKC-Dependent Pathways 
 
Gustavo Narvaes Guimarães, Thaisângela Lopes Rodrigues, Ana Paula de Souza,        
Sergio Roberto Peres Line, Marcelo Rocha Marques 
 
Abstract 
Parathyroid hormone (PTH) plays a key role in the development and homeostasis of 
mineralized tissues such as bone and dentine. We have reported that PTH (1-34) 
administration can increase dentine formation in mice and that this hormone modulates in 
vitro mineralization of odontoblast-like cells. The purpose of the present study was to 
investigate whether PTH (1-34) participates in the proliferative and apoptotic signaling of 
odontoblast-like cells (MDPC23). MDPC23 cells were exposed to 50 ng/ml hPTH (1-34) or 
vehicle for 1 (P1), 24 (P24) or 48 (P48) hours, and the cell proliferation, apoptosis and cell 
number were evaluated. To examine whether changes in the proliferative and apoptotic 
signaling in response to PTH involve protein kinases A (PKA) and/or C (PKC), MDPC23 
cells were exposed to PTH with or without PKC or PKA signaling-pathway inhibitors. 
Overall, the results showed that the PKA pathway acts in response to PTH exposure 
maintaining levels of cell proliferation, while the PKC pathway is mainly involved for 
longer exposure to PTH (24 or 48 hours), leading to the reduction of cell proliferation and 
increase of apoptosis. The exposure to PTH reduced the cell number in relation to the 
control group in a time-dependent manner. In conclusion, PTH modulates odontoblast-like 
cell proliferative and apoptotic response in a time-dependent manner. Both PKC and PKA 
pathways participate in PTH-induced modulation in an antagonist mode.  
 
Keywords: Odontoblasts, PTH, Proliferation, Apoptosis, PKA, PKC 
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Introduction 
Parathyroid hormone (PTH) is an essential regulator of calcium and phosphate 
homeostasis; therefore, this peptide affects the function of cells from mineralized tissues, 
such as osteoblasts [1], osteocytes [2], odontoblasts [3] and cementoblasts [4]. PTH may 
stimulate the proliferation and differentiation of osteoblasts, as well as decrease the rate of 
apoptosis of these cells [1,5]. In vitro and in vivo evidence indicate that transient activation 
of PTH receptor 1 (PTH1R) activates multiple interconnected pathways leading to 
increased survival signaling, decreased replication of osteoblast progenitors, increased 
differentiation, and the production and/or activation of osteogenic growth factors [1]. 
PTH1R is a 7-helical-transmembrane G-protein-coupled receptor that is activated 
upon binding to 2 ligands: PTH and parathyroid hormone–related peptide (PTHrP) [5]. 
Activation of the PTH1R by PTH or PTHrP causes an acute increase in several intracellular 
signaling molecules, which include the two classic G protein-signaling cascades: adenylate 
cyclase (AC) and phospholipase C (PLC). Stimulation of the AC signaling cascade leads to 
cAMP production and subsequent activation of protein kinase A (PKA) and 
phosphorylation of transcription factors, which regulate transcription of PTH target genes. 
PTH1R also stimulates phospholipase C (PLC) to accumulate inositol trisphosphate (IP3) 
and diacylglycerol (DAG). IP3 increases intracellular calcium concentration and DAG 
activates protein kinase C (PKC), and consequently, the genomic effects through 
transcription factors regulated by calcium and PKC [1,5-8]. Although the effects of the 
PTHR1 activation by PTH in mineralized tissues have been frequently evaluated in bone 
cells, odontoblasts express PTH receptor 1 (PTHR1) [3,9-11] and also can respond to PTH. 
Studies have demonstrated that alterations in PTH serum level lead to abnormal dentine 
formation [12,13]. In addition, PTH can stimulate dentine apposition in the 
thyroparathyroidectomized rat in a dose-dependent manner [14]. 
Understanding the mechanisms of action of PTH in odontoblasts could be important 
for the knowledge of the regulatory role of PTH during dentine formation, homeostasis and 
regeneration. Recently, we demonstrated that hPTH(1-34) can modulate odontoblast-like 
cell mineralization and gene expression in a time-dependent manner [15]. In addition, we 
showed that during mouse incisor formation, PTH administration caused an increase of the 
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dentine apposition rate, dentine microhardness and relative concentration of Ca and P in 
peritubular dentine [16].  
The present study evaluated the effect of hPTH(1-34) exposure on odontoblast-like 
cell (MDPC23) proliferative and apoptotic responses, and whether changes in cell number, 
proliferative and apoptotic signaling caused by this hormone involve protein kinase A 
(PKA) or protein kinase C (PKC) pathways. 
 
Material and methods 
 
Cell culture and PTH treatment 
Cells of the odontoblast-like cell line MDPC23 [17] were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) (Cultilab, SP, Brazil) supplemented with 10 % heat-inactivated 
fetal bovine serum (FBS) (LGC Biotecnologia, SP, Brazil) and penicillin (100 units/mL) / 
streptomycin (100 μg/mL) (GIBCO, Auckland, New York, USA) at 37 °C in an atmosphere 
of high humidity and 5 % CO2. Initially, the cells were plated at a concentration of 2 x 
105/mL in 96-well plates (n=5) and cultured for 72 hours until they reached a confluent 
state. Prior to PTH treatment, the cells were cultured in a FBS deprivation condition for 24 
hours to cell cycle synchronization. The confluent cells were exposed to 50 ng/mL hPTH 
(1-34) (Sigma-Aldrich, St Louis, MO, USA) [18], diluted in H2O, for different times within 
48-h incubation cycles: 1 hour (P1 group), 24 hours (P24 group) and 48 hours (P48 group). 
The analyses were performed after 1, 2 or 3 cycles (Fig.1). During PTH treatment the 
culture medium was supplemented with 2 % FBS and changed each 48 hours. Vehicle-
treated culture for each group and untreated cultures served as controls. 
 
Proliferation assay 
Cell proliferation was evaluated by the incorporation of 5-bromo-2 deoxyuridine (BrdU) 
into the DNA of proliferating cells during the last 4 hours of each cycle, according to the 
manufacturer’s instructions (Cell Proliferation ELISA, BrDU) (Roche Diagnostics GmbH, 
Indianapolis, IN, USA). The absorbance was detected with an ELISA reader (Molecular 
Devices, CA, USA) with VersaMax software (test wavelength: 370 nm; reference 
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wavelength: 492 nm). The background control was performed omitting BrdU to evaluate 
the nonspecific binding of the antibody conjugate. 
 
 
Fig. 1 - Schematic representation of the PTH treatment period. During 1 cycle of 48-hours of 
incubation (1st cycle), the confluent cells were cultured with PTH (red bars) for 1 hour (P1 group), 
24 hours (P24 group) or 48 hours (P48 group). For the P1 and P24 groups, the cells were cultured 
with PTH-vehicle (blue bars) for the remaining time. Cells cultured with PTH-vehicle for 48 hours 
are presented as Control group. At the end of the 1st cycle, the cells were again exposed for 
different times to PTH or PTH-vehicle for another (2nd cycle) or two (3rd cycle) cycles of 48-h 
incubation. Proliferation and apoptosis analyses were performed at the end of the 1st, 2nd or 3rd 
cycle (green arrows). 
 
Apoptosis assay 
The rate of apoptosis was evaluated by Caspase-Glo® 3/7 Assay System kit (Promega, 
Madison, WI, USA) with luminescence readout to measure caspase 3 and 7 activities - 
essential components in the apoptotic pathway in mammalian cells. According to the 
manufacturer’s instructions, at the end of each cycle, 100 μL of reagent was added to wells 
with gentle mixing. The pro-luminescent substrate (caspase-3/7 DEVD-aminoluciferin) 
reacts with caspases released on cell lysis, resulting in the formation of free aminoluciferin 
consumed by luciferase, generating a luminance signal. Plates were maintained for 1 hour 
in the dark at room temperature, before being read on a microplate luminometer (Turner 
Biosystems Veritas, Quick Start Guide, CA, USA), using the software GLOMAX® (version 
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1.9.2). Duplicate wells containing Caspase-Glo 3/7 Reagent, vehicle and cell culture 
medium without cells served as blank reactions. 
 
Cell number 
Cells were harvested from the wells by trypsin/EDTA, followed by inactivation with 
DMEM containing 10 % FBS. The cell number was determined in a cell-counting chamber 
(Hausser Scientific, Horsham, PA, USA) using an inverted microscope (Motic AE 20/21, 
China). All groups exhibited > 90 % viability based on Trypan-blue exclusion. 
 
Inhibition assay 
To examine whether changes in the proliferation, apoptosis and cell number, in response to 
PTH (1-34), involved PKA or PKC pathways, one of the following reagents was added to 
the medium for the entire experimental period [19]: the PKC inhibitor RO-32-0432 (1 µM) 
(Sigma-Aldrich) or the PKA inhibitor H8 (10 µM) (Sigma-Aldrich). After 1 cycle of 48-h 
incubation were performed the analyses of cell proliferation, apoptosis and cell number. 
Vehicle-treated cultures (DMSO for RO-32-0432; H2O for H8) for each group and cells 
cultured in the presence of the respective inhibitors but without PTH (1-34) served as 
control. 
 
Statistical analysis 
All comparisons and statistical analysis were performed using R Statistical Package version 
3.1.0 (http://www.r-project.org). Normality was tested using the D'agostino test. Variances 
were compared with the F test. Since most data did not present normal distribution and/or 
different variances the intra group comparisons were performed using the Kruskal-Wallis 
test.  P-values were obtained by pairwise comparisons with Mann-Whitney test followed by 
False Discovery Rate (FDR) test to correct for multiple comparisons. 
 
Results 
 No significant difference was found between the vehicle-treated and untreated 
cultures, and therefore, in all of the figures only one control culture is presented (Cont). 
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Initially, the MDPC23 cells were exposed to PTH for different times (P1, P24 and P48 
groups) within 1, 2 or 3 cycles of 48-h incubation, and the cell proliferation and apoptosis 
were evaluated at the end of each cycle. 
Figure 2 shows that at the end of 1 cycle of incubation, the P24 group showed lower 
cell proliferation than the control group (Fig. 2a), while higher cell apoptosis was observed 
in the P48 group when compared with the control group (Fig. 2b). The exposure to PTH for 
1 hour (P1) did not affect cell proliferation and apoptosis after 1 cycle of incubation. After 
2 or 3 cycles of incubation, there was no significant difference between groups for both cell 
proliferation (Fig. 2a) and apoptosis analysis (Fig. 2b). 
 
 
Fig. 2 - Box plot of data from proliferation (a) and apoptosis (b) analysis. MDPC23 cells were 
exposed to PTH for different times: 1-hour (P1), 24-hours (P24) and 48-hours (P48) within 1, 2 or 3 
cycles of 48-h incubation, and the cell proliferation and apoptosis were evaluated at the end of each 
cycle. (* p < 0.05) different from control group (Cont) in same cycle. 
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To verify whether the changes caused by PTH in the cell proliferation and 
apoptosis, after 1 cycle of incubation, involved PKA or PKC signaling pathways, an 
inhibition assay was performed for each signaling pathway. The cells were cultured as 
described previously (different times of exposure to PTH within 1 cycle of incubation) in 
the presence of specific inhibitors of PKA or PKC pathway, and then cell proliferation and 
apoptosis were evaluated as well as cell number. Significant difference between specific 
inhibitor-treated culture and its respective vehicle-treated culture was not found, thus, only 
the data of inhibitor-treated culture as inhibition control are presented. 
Figure 3 shows the results for cell proliferation in the inhibition assay. Note that 
when the PKA pathway was inhibited, the PTH exposure (P1, P24 and P48 groups) caused 
a decrease in cell proliferation compared with the control group. The decrease in cell 
proliferation in the P24 group was PKC-dependent because when this pathway was 
inhibited, there was no decrease of the cell proliferation.   
 
Fig. 3 - Box plot of data from proliferation after inhibition assay. MDPC23 cell proliferation after 
different times of PTH exposure (P1, P24 and P48 groups) for 1 cycle of 48-h incubation: without 
inhibition (no inhibition), with PKA inhibition (PTH + PKA inhibition) or with PKC inhibition 
(PTH + PKC inhibition). (* p < 0.05) different from control group (Cont) in same assay. 
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The results found to apoptosis analysis in the inhibition assay are summarized in 
Fig. 4. When the PKA pathway was inhibited, PTH exposure for 24 and 48 hours (P24 and 
P48 groups) caused an increase in the cell apoptosis in relation to control group. As 
previously seen (no inhibition assay), the P48 group presented an increase in cell apoptosis 
compared with the control group. However, it was not reproduced when the PKC pathway 
was inhibited. This result showed the involvement of the PKC pathway in the apoptotic 
response of MDPC23 cells to 48 hours exposure to PTH.  
 
Fig. 4 - Box plot of data from apoptosis after inhibition assay. MDPC23 apoptosis after different 
times of PTH exposure (P1, P24 and P48 groups) for 1 cycle of 48-h incubation: without inhibition 
(no inhibition), with PKA inhibition (PTH + PKA inhibition) or with PKC inhibition (PTH + PKC 
inhibition). (* p < 0.05) different from control group (Cont) in same assay. 
 
 
Figure 5 shows that exposure to PTH reduced the cell number in relation to the 
control group in a time-dependent manner. When the PKA pathway was inhibited, the 
PTH-treated groups presented a significant decrease in the cell number compared with the 
control group. Although, initially (without inhibition assay), the P24 and P48 groups 
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presented a reduction of cell number in relation to control group, when the PKC pathway 
was inhibited, the P1 and P24 groups presented a reduction of cell number when compared 
to control group. 
 
Fig. 5. Box plot of data from apoptosis after inhibition assay. MDPC23 cell counts after different 
times of PTH exposure (P1, P24 and P48 groups) for 1 cycle of 48-h incubation: without inhibition 
(no inhibition), with PKA inhibition (PTH + PKA inhibition) or with PKC inhibition (PTH + PKC 
inhibition). (* p < 0.05) different from control group (Cont) in same assay. 
 
 
Discussion 
Our findings showed that PTH modulates odontoblast-like cell (MDPC23) 
proliferative and apoptotic responses and that PKC and PKA pathways participate in this 
PTH-induced modulation. PTH is essential for dentine formation and homeostasis because, 
changes in PTH serum level can lead to dentine malformation [12,13] and resorption [20]. 
Although PTH secretion in the baseline state (basal PTH) is controlled by the serum 
calcium concentration, changes in the PTH serum levels can be caused by some endocrine 
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disorders, such as in primary hyperparathyroidism or during treatment with teriparatide to 
stimulate bone anabolism [21-23].  
To investigate the functions of PTH in cells from mineralized tissues, some studies 
of culture systems have been performed, in which the cells were exposed to the hormone in 
a continuous manner or for a few hours per day [18,19,24,25] Unlike the in vivo situation, 
PTH is not substantially degraded after addition to the culture, and remains fully active for 
at least 72 hours [1,26].  
To investigate whether PTH exposure can modulate cell proliferation and apoptosis 
of the odontoblast-like cells, we established a culture system in which confluent MDPC23 
cells were exposed to PTH for different times in 48h-incubation cycles, and cell 
proliferation and apoptosis were evaluated at the end of each cycle (Fig.1). The exposure to 
PTH for 1 hour did not affect cell proliferation; the P24 group showed lower cell 
proliferation compared with the control group (Fig. 2a). Similar studies involving 
osteoblasts indicated that the decreased cell proliferation caused by PTH is related to the 
action of this hormone in cell differentiation, where exposure to PTH causes the exit of 
osteoblast progenitors from the cell cycle [1] and also exerts rapid suppressive effects on 
the replication of osteoblastic cell lines [27]. Mechanistic studies have shown that the anti-
mitotic effect of PTH is due to decreased expression of cyclin D1, which is required for cell 
cycle progression, as well as increased expression of cyclin-dependent kinase inhibitors, 
which inhibits cell cycle progression [27,28].  
The exposure to PTH for 48 hours (P48 group) presented higher cell apoptosis 
compared with the control group (Fig. 2b). Although PTHR-mediated apoptosis appears to 
require the activation of caspases [24] (which are essential components in 
the apoptotic pathway in mammalian cells), apoptosis during tooth development is 
dependent on the apoptotic executioner caspase-3 but not caspase-7 [29]. Instead, activated 
caspase-7 has been found in differentiated odontoblasts and ameloblasts. This strongly 
suggests that caspase-7 might be directly involved in functional cell differentiation and 
regulation of the mineralization of dental matrices [29]. In the present study, apoptosis was 
evaluated by measuring caspases 3/7 activity. Results indicate that the action of PTH on 
MDPC23 proliferation and apoptosis differs depending on the exposure time to the 
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hormone in vitro. Furthermore, the exposure to PTH, mainly for longer times (24 or 48 
hours), might modulate cell differentiation by both caspase 7 activity and cell proliferation. 
It has been hypothesized that the effects of PTH depend on its manner of 
administration, since continuous or transient exposure may activate different signaling 
cascades from the PTH1R [1,5,7,30]. Activation of PTH1R by PTH stimulates activation of 
2 classic G protein signaling cascades, adenylate cyclase (AC) and phospholipase C (PLC), 
which lead to activation of PKA and PKC, respectively [1,5-8,25]. Although little is 
understood about the PTH effects in intracellular odontoblast signaling, Lundgren et al. [3] 
reported that the PTH binding to odontoblasts PTHR1 led to an activation of the 
PKA/cAMP pathway.  
Exposure to PTH for 1 hour and PKA pathway inhibition caused a decrease in cell 
proliferation compared with the control group, which did not occur on exposure to PTH for 
1 hour without inhibition (Fig. 3). Thus, PKA pathway participates of the proliferative 
response to 1 hour exposure to PTH.  However, when the cells were exposed to PTH for a 
longer time, such as 24 or 48 hours, the decrease in cell proliferation was PKC-dependent 
(Fig. 3). The results showed that the PKC pathway participates only after a longer time of 
exposure to PTH, as compared with the PKA pathway (Fig. 6a). This could be explained 
because, unlike to activation of PKA, for the efficient activation of PKC by stimulation of 
PLC (phospholipase C), high levels of PTHR expression are required [5,31]. This may 
occur after a longer exposure to PTH.  
The effects of phospholipase C signaling have been investigated using a 
PTH/PTHrP receptor mutant, which stimulates cAMP formation normally but does not 
leads to inositol trisphosphate (IP3) formation [32]. Mutant mice exclusively expressing 
this mutant receptor have delayed ossification and enhanced chondrocyte proliferation. This 
finding suggests that the normal function of phospholipase C signaling by the PTH/PTHrP 
receptor is to slow proliferation and promote differentiation of chondrocytes in the growth 
plate, thereby opposing the primary, cAMP-mediated, actions of the receptor [33]. 
The data obtained from the apoptosis assay show that the inhibition of the PKA 
pathway increased the cell apoptosis in P24 and P48 groups (Fig. 4). In addition, the 
increase of cell apoptosis caused by PTH exposure for 48-hours (P48 group), in the assay 
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without inhibition, was PKC-dependent, since when PKC pathway was inhibited, it 
increase was not observed (Fig. 4). These results demonstrate that both PKC and PKA 
pathways act in the apoptotic response to PTH exposure, but in an antagonist mode (Fig. 
6b). While the activation of the PKA pathway blocks a possible apoptotic effect in response 
to PTH exposure, the PKC pathway is activated increasing cell apoptosis after 48 hours of 
PTH exposure.  
 
Fig. 6 - Data overview from cell proliferation (a) and apoptosis (b) analysis after inhibition assays. 
(a) The PKC and PKA pathways inhibition produces antagonistic effects on proliferation and 
apoptosis of cell exposed to PTH for different times.  
 
 Some studies, using other cell types, have shown the involvement of the PKC 
pathway in the apoptotic response of cells exposed to PTH. Lossdorfer et al. [19] showed 
that continuous PTH exposure enhanced apoptosis of human periodontal ligament (PDL) 
cells and that the inhibition of the PKC pathway reduced apoptosis, suggesting that the 
PKC pathway is involved in apoptotic signaling in PDL cells. It has also been reported that 
PTH induces apoptosis in human embryonic kidney (HEK293) cells stably expressing the 
PTHR (PTH receptor), and that this requires the second messenger products of PLC 
signaling but is independent of adenylyl cyclase [24]. 
35 
 
The results indicated that PTH reduced the cell number in relation to the control 
group in a time-dependent manner, and this is directly related to cell proliferation and 
apoptosis. While the inhibition of the PKA pathway decreased the number of cells in all 
PTH-treated groups, when the PKC pathway was inhibited, the reduction of cells in the P48 
group was not observed (Fig. 5). Thus, the decrease of cell number in the P48 group may be 
due to the reduction of cell proliferation and increase of apoptosis and may be PKC-
dependent. 
In conclusion, the results showed that PTH modulates odontoblast-like cell 
(MDPC23) proliferative and apoptotic responses in a time-dependent manner. PKC and 
PKA pathways participate in PTH-induced modulation in an antagonist mode. While the 
PKA pathway acts in response to short exposure to PTH (1 hour) maintaining levels of cell 
proliferation, the PKC pathway is mainly involved at longer times of exposure to PTH (24 
or 48 hours), leading to the reduction of cell proliferation and increase of apoptosis. Further 
studies are needed to investigate the effects of PKA or PKC inhibition on the PTH-induced 
target gene expression and differentiation features.  
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CAPÍTULO 3  
 
Effect of PTH administration on mineral particle thickness during dentin 
formation in mice 
 
Abstract 
Parathyroid hormone (PTH) participates of the calcium metabolism and of the mineralized 
tissues formation. Intermittent PTH administration has been used to treat osteoporosis in 
human and recently our group showed an anabolic effect of this hormone during dentin 
formation of mice. This dentin anabolism cause by PTH treatment was follow by an 
increase of the micro hardness and of the relative calcium concentration in dentin. Thus, the 
objective of the present study was to evaluate whether intermittent PTH administration lead 
the changes in the mineral (hydroxyapatite) thickens of the dentin from mice incisors.  Ten 
mice were assigned in two groups (n=5) and hPTH(1-34) or placebo were administered 
daily during 10 days. After this time, the animals were killed and the hemimandibles were 
removed, fixed in formaldehyde and slices (transversally to incisor teeth) were performed. 
After the polish, the samples with 200µm were submitted to Small-angle X-ray scattering 
(SAXS) to evaluate the thickness of the mineral particle present in the dentin. The results 
show that PTH treatment did not affect the mineral particle thickness in mice dentin. It was 
observed that the whole mice incisor dentin had from 1.7 nm to 1.9 nm (1.824 ± 0.069) in 
the Control group and from 1.71 nm to 1.87 nm (1.771 ± 0.051) in the PTH-treated group. 
In conclusion, this study demonstrated that SAXS analysis was suitable to evaluated dentin 
from mice and then potentially this technique is a new tool to evaluate mineral particles 
during odontogenesis in animal models.  Additionally, intermittent PTH administration has 
no effect in size of the hydroxyapatite in dentin from mice incisors.  
 
Keywords: Dentin, PTH, Hydroxyapatite, SAXS, mice 
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Introduction 
Dentin is the most voluminous structural component of human tooth. Dentin 
protects pulp tissue from microbial and other noxious stimuli. It also provides essential 
support to enamel and enables highly mineralized and thus fragile enamel to withstand 
occlusal and masticatory forces without fracturing (Tjäderhane et al. 2009). Structurally, 
dentin can be described as a nanocrystalline reinforced composite, whereas enamel would 
be a dense ceramic with impurities, even though recent research indicates that enamel 
behaves more like a metal in terms of elastic and plastic properties (He and Swain, 2007; 
Tjäderhane et al. 2009; Bajaj and Arola, 2009; Xie et al. 2009). 
The amount of mineral, the properties of the organic matrix and the geometrical 
arrangement of the two components determine the mechanical properties of the tissues such 
as bone and dentin (Lange et al. 2011). Several microscopy methods, including polarized 
light, fluorescence, electron and atomic-force microscopy, as well as spectroscopy and X-
ray imaging, have been used for the study of both organic and mineral phases in the dentine 
(Tesch et al. 2001; Märten et al. 2010; Guimarães et al. 2012).  
X-ray scattering is a powerful nondestructive experimental method, suited to study 
biomineralized tissues such as bone and dentin. Small-angle X-ray scattering (SAXS) gives 
information about the size, shape, and predominant orientation of the nanometer-sized 
mineral particles in the mineralized tissues (Pabisch et al. 2013). Small-angle x-ray 
scattering (SAXS) was primary used by Fratzl et al. 1991 for detailed investigations on 
calcified tissues like mineralized turkey leg tendon or bone samples of mouse and other 
animals (Fratzl et al. 1991; Fratzl et al. 1992; Pabisch et al. 2013). The thickness of the 
mineral crystals and their preferred orientation, within the gap zone of the collagen fibrils, 
were derived from these data. In the last decade, the investigation of the bone and its 
mechanical and structural properties in fracture or disease cases have multiplied due to new 
and improved methods applied by several research groups. 
Recently, Märten et al. 2010 used SAXS analysis to map 2D and 3D variations in 
mineral particle of human molar crowns. This study showed that the mean mineral-platelet 
thickness of 3.2 nm decreases to 2.6 nm within the shallow 300 μm beneath the dentin-
enamel junction (DEJ), and that these platelets become still thinner albeit moderately in 
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deep dentine surrounding the pulp. In addition, SAXS analysis showed that most of the 
mineral particles in dentin are randomly orientated, with about 20% having a preferred 
orientation that is parallel to the plane of the DEJ. 
In a previous study (Guimarães et al. 2012), we found that parathyroid hormone 
administration was able to increase dentin apposition rate in mice, and the dentin formed 
during the treatment with this hormone showed an increasing in micro hardness and also in 
relative concentration of the calcium. Based on these results, the present study was 
designed to evaluate by means of SAXS analysis, if changes in dentin composition and 
mechanical properties caused by PTH treatment affect the thickness of the mineral particle 
of that tissue in mice incisors.   
 
Material and Methods 
Animals and Treatment 
10 male A/J Unib mice (8-weeks old, starting weight: approximately 22g) obtained at the 
Animal Facility Center of the University of Campinas, were maintained in a room with 12 
hour day/night cycles with food and drinking water ad-libitum. Experimental procedures 
were approved by the Institutional Animal Research Committee at the University of 
Campinas, São Paulo, Brazil (n° 1762-1). The animals were randomly assigned into two 
groups: five animals received daily subcutaneous injections of 40µg/Kg of hPTH 1-34 
(Sigma-Aldrich, St. Louis, MO, USA), diluted in 0.01% acetic acid. The remaining five 
animals received the vehicle (0.01% acetic acid) under an identical protocol, which served 
as control group. Each group was treated (PTH or vehicle) for 10 days. The intermittent 
PTH-dose and vehicle used in the present study were based on previous studies (Marques et 
al. 2005; Marques et al. 2009; Guimarães et al. 2012).  
 
Sample Preparation 
After the treatments, the animals were euthanized by cervical dislocation and the 
hemimandibles were removed and fixed in 4% formaldehyde solution (Dinâmica®, SP, 
Brazil) for 24 hours at room temperature. Then, the left hemimandibles from Control and 
PTH-treated groups were washed in phosphate buffer saline for 24 hours, dissected, 
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dehydrated. Cross-sections of the hemimandible at the first molar region with 
approximately 500µm (Figure 1A) were obtained by using a diamond disc in a low speed 
under water cooling (Model 650) (South Bay Technology, CA, USA). The samples were 
wet-polished with 600, 1000, 1200, 2500 grit SiC paper (BuehlerMet, Buehler, Lake Bluff, 
IL, USA to a final thickness of 200µm (Figure 1B). For SAXS analysis each slice of the 
incisor teeth was detached from rest of the bone hemimandible after disrupt the periodontal 
ligament fibers (Figure 1C).  
 
 
 
Figure 1 - (1A) Illustration pointing out the hemimandible region where cross-sections were 
performed (black dashed lines) for SAXS analysis; (1B) Photomicrography from transversal cut of 
hemimandible indicating the incisor teeth region; (1C) Photomicrography from incisor teeth slice 
performed after periodontal ligament detachment. The areas where the SAXS analysis in dentin are 
indicating by R1, R2 and R3. E: Enamel; (1D) Representation of a nanography done in incisor teeth 
slice. The color scale represents the range of radiodensity found in the sample; (1E) Nonography 
indicating the chosen points for T-parameters measurements.  
 
Small-angle X-ray scattering (SAXS) 
SAXS measurements were performed as described elsewhere (Märten et al. 2010; Lange et 
al. 2011; Kühnisch et al. 2014). Each sample was measured in a NANOSTAR II laboratory 
SAXS instrument (Bruker AXS Ltd., Karlsruhe, Germany) using a 100 μm2 beam (λ = 
0.1542 nm) with a rotating copper anode (40 kV/100 mA). The SAXS signal was measured 
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with a 2D area detector (Bruker). The diameter of the beam at the sample was 100 μm and 
the sample to detector distance was 639 mm. All SAXS patterns were corrected for 
background beam intensity fluctuations and detector dark current measurements. Sample 
transmission was obtained for the 2D slices by measuring the ratio between transmitted 
intensity and the intensity of the direct beam - determined immediately before and after 
each line scan - using a photodiode. Radial and azimuthal integrations were then calculated 
by the software FIT2D. SAXS data were radially integrated by a mathematical procedure 
based on Porod’s law, using the specially designed software AutoFit (custom-made 
software, MPIKG). SAXS patterns were evaluated for mean mineral particle thickness (T-
parameter). The T-parameter measures the average thickness of mineral particles. 
 
Statistical Analysis 
For statistical information of the T–parameter, mean values of different groups were 
compared using unpaired Student’s t test (two-tailed). Statistical significance limit was set 
at 5%, (p<0.05). 
  
Results 
The SAXS measurements were performed to determinate the T–parameter in the 
different regions of the each sample as indicated in the Figure 1E. No statistical difference 
was found when compared the same regions between Control group and PTH group 
(p>0.05) (Figure 2A-C). No statistical difference was found when compared the found for 
whole dentin between Control group and PTH group (p>0.05). The values of T–parameter 
obtained for the whole mice incisor dentin were from 1.7 nm to 1.9 nm (1.824 ± 0.069) in 
the Control group and from 1.71 nm to 1.87 nm (1.771 ± 0.051) in the PTH-treated group 
(Figure 2D). 
 
Discussion 
In a previous study we demonstrated that PTH administration modulates in vitro the 
induced-mineralization in odontoblasts (Guimarães et al. 2013), and also that this hormone 
have an anabolic effect in the dentine formation of incisor teeth of young healthy mice, and 
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this anabolism was followed by changes in the composition and mechanical proprieties of 
the dentine (Guimarães et al. 2012). In present present study, it was analyzed the effect of 
hPTH(1-34) treatment on mineral particle thickness during mice dentinogenesis. Although 
PTH treatment did not change the size of the mineral hydroxyapatite in mice dentin, to our 
knowledge, this is the first study that performed SAXS analysis of the mineral particle from 
mice dentin.  
 
 
Figure 2 - (2A, 2B and 2C) T-parameter means (nm) and standard deviations from six samples 
(three – Control and three PTH treated) found for regions R1, R2 and R3. Two measurements were 
done in each sample. (2D) Graphic indicating the values found for whole dentin (R1 + R2 + R3). 
No significantly difference were found when compared control x PTH in no one region and for 
whole dentin (student’s t test, p > 0.05).  
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Many biological and medical problems in mineralized tissues research can be 
tackled by using X-ray scattering methods. X-ray scattering methods give information on 
the nanoscopic mineral particles, which are—together with collagen—the basic building 
blocks in bone and dentin and therefore are fingerprints of formation and disease for these 
tissues. Quantitative information from the nanometer length scale can be collected over 
larger areas by scanning X-ray scattering and therefore information at the micrometer level 
is also available (Pabisch et al. 2013).  
Dentinogenesis is a continuous process of matrix deposition during the life of a 
tooth. Rodent incisors grow continuously throughout the animal's life, making them an 
important model of the dentine formation process (Kato et al. 2005, Guimarães et al. 
2012). In mice, dentine from the incisor region underlying the first molar is rapidly 
mineralized, and is therefore at an ideal region for the measurement of the mineral particle 
size (Guimarães et al. 2012). SAXS analysis described here for the samples from mice 
incisors indicated a new tool, for example to investigate how genetics or systemic 
conditions could affect mineral particle of the dentin. Specially, SAXS potentially can help 
to understand the role of the non-collagen proteins on biomineralization process, since there 
are mice genetically manipulated to be null for proteins such as DSPP and DMP1 (Zhu et 
al. 2012; Gibson et al. 2013). 
There are similarities in the overall nature of the bone and dentine extracellular 
matrix (ECM) proteins and mineral phase (Qin et al. 2002; Butler et al. 2003; MacDougall 
et al. 2006), but the mineral platelet thickness and distribution have been more studied in 
bone than dental tissues. For bones, distribution of crystal size may be much more 
important than average crystal size. In humans and primates with osteoporosis, the broad 
distribution seen in age-matched controls disappears (Gadeleta et al. 2000; Boskey and 
Myers, 2004), whereas in PTH-treated ovariectomized monkeys, whose whole bone 
strength improves with treatment, the distribution of crystal size is broadened (Paschalis et 
al. 2003, Boskey and Myers, 2004).  
The manner in which the mineral particles are arranged within the organic scaffold 
of dentine is to-date only partially understood. Presumably variations in this arrangement 
are important as design principles that evolved through eons of adaptation, and they allow 
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teeth to successfully fulfill their function as cutting and grinding tools that are repeatedly 
loaded in compression (Märten et al. 2010). For human dentin, highly mineralized 
peritubular dentin leads to higher microhardness when compared to weakly mineralized 
intertubular dentin, (Ziskind et al. 2011; Zhang et al. 2014). Close to the pulp chamber, the 
hardness of the peritubular dentin (PTD) exhibits an evident gradient variation with the 
variation in mineral content (Zhang et al. 2014).  
Since the mechanical properties of dentin vary according to mineral content, it was 
hypothesized that PTH could increase the mineral particle size in mice dentin after the 
findings indicate by Guimaraes et al. 2012. In this way, whereas this hormone did not 
change mineral particle size, it is reasonable suggest that PTH treatment could change the 
number of that particles or change the quantity of the extracellular matrix in dentin mice. In 
conclusion, intermittent PTH administration has no effect on mineral particle size in dentin 
from incisor mice. Additionally SAXS analysis has shown a technique that could be 
suitable to investigate whether systemic or genetic alteration affect mineral phase of the 
dentin. 
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CAPÍTULO 4  
 
Efeito da administração intermitente do hormônio paratireóideo (PTH) 
(1-34) na dentinogênese terciária em camundongos 
 
Resumo 
O complexo dentina-polpa guarda certo potencial de reagir a estímulos externos, o qual 
pode ser observado pela formação de dentina terciária, quer seja reacional, quer seja 
reparativa. Sendo assim, estudos vêm sendo realizados na tentativa de descobrir formas de 
acelerar a formação de dentina terciária, o que pode ser útil na terapia de casos em que 
exista perda extensa de dentina. Sabendo-se que a administração de PTH pode aumentar a 
deposição dentinária durante a formação de dentes incisivos de camundongos, o presente 
estudo foi desenhado para investigar os efeitos da administração intermitente de PTH na 
formação de dentina terciária reacional e reparativa em dentes molares de camundongos. 
Para isso, vinte camundongos machos C57BL/6/Unib tiveram os primeiros molares 
superiores direitos induzidos à formação de dentina terciária reparativa por exposição 
pulpar e os segundos molares superiores direitos induzidos à formação de dentina terciária 
reacional por desgaste. Os molares contralaterais (sadios) serviram de controle dos 
procedimentos. Após a cirurgia, metade dos animais (n=10) recebeu tratamento 
intermitente com hPTH (1-34), enquanto que a outra metade recebeu tratamento com o 
veículo do hPTH (1-34) como placebo. Após 8 semanas de tratamento, foram analisados o 
volume pulpar, por meio de microCT, e a concentração relativa de Cálcio, Fósforo e Zinco, 
por meio de EDS, nos dentes que foram induzidos à formação de dentina reacional por 
desgaste. Foi realizado também uma avaliação qualitativa da formação de dentina terciária 
reacional e reparativa por meio de cortes histológicos corados com Hematoxilina e Eosina, 
e Tricrômico de Mallory. Os dentes que sofreram injúria por desgaste apresentaram menor 
volume pulpar em relação aos dentes sadios, o que foi relacionado à formação de dentina 
terciária reacional. Não houve diferença significativa do volume pulpar entre os grupos 
Controle e PTH. O tratamento com PTH causou um aumento de Zinco e uma diminuição de 
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Cálcio na dentina normal e na dentina reacional. Não houve alterações na concentração 
relativa de Fósforo com o PTH. A avaliação histológica confirmou a formação de dentina 
reacional após indução por desgaste e revelou a formação de um tecido reparador no 
interior da polpa exposta em ambos os grupos experimentais. Em conclusão, a 
administração de PTH não teve efeito na quantidade de dentina reacional, mas levou a um 
aumento de Zinco na dentina em substituição ao Cálcio independentemente da 
dentinogênese reacional. Adicionalmente, não foi possível estabelecer uma forma de 
quantificar a dentina reparativa em dentes de camundongos pela modelo utilizado. 
Palavras-chave: PTH, dentina reacional, dentina reparativa, camundongos. 
 
Introdução 
Frente a diversos fatores, como cárie, atrição, traumas, o complexo dentina-polpa 
tem uma potencial resposta, a qual leva a formação de uma dentina terciária, que pode ser 
do tipo reacional ou reparativa [1-4]. A dentina reacional é formada pelos odontoblastos 
que sobreviveram à injúria, enquanto que, em casos onde a injúria é mais intensa 
ocasionando a morte dos odontoblastos, células progenitoras são recrutadas para o sítio de 
lesão e se diferenciam em “odontoblast-like cells” para secretar a dentina reparativa [1-4].  
Tem sido sugerido que, durante o processo de reparo dentinário, são recapitulados 
eventos do desenvolvimento [5]. No início da formação da dentina, os odontoblastos 
secretam uma matriz não mineralizada, rica em colágeno tipo I, denominada predentina. 
Esta fase orgânica se situa entre a frente de mineralização e as células, sendo 
posteriormente transformada em fase mineralizada, após a deposição de cristais de 
hidroxiapatita realizada pelos odontoblastos. Este processo se assemelha muito ao que 
ocorre na formação do tecido ósseo [6].  
Fisiologicamente, o cálcio é essencial não só para uma variedade de processos 
biológicos, incluindo o metabolismo de energia, sistemas de sinalização celular, síntese de 
ácido nucleico, e a função da membrana, mas também para o desenvolvimento dos tecidos 
mineralizados, tais como o osso e dentes [7]. O cálcio é um íon que participa da 
composição dos cristais minerais da dentina [8-10], sendo regulado no organismo 
principalmente pelo hormônio paratireóideo (PTH). O PTH, um polipeptídeo de 84 
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aminoácidos sintetizado pelas quatro glândulas paratireóides [11], regula a homeostasia dos 
íons minerais, cálcio e fosfato, nos rins e ossos [12] e também indiretamente no intestino 
[13].   
Em um estudo prévio nós demonstramos que, durante a formação do dente incisivo 
em camundongos, a administração intermitente de PTH causou um aumento da taxa de 
aposição dentinária, além de aumentar a microdureza e a concentração de Cálcio e Fósforo 
na dentina recém-formada [14]. Diante do exposto, no presente estudo foram investigados 
os efeitos da administração intermitente de PTH na formação de dentina terciária reacional 
e reparativa em dentes molares de camundongos. 
 
Material e Métodos 
Animais 
Vinte camundongos machos C57BL/6/Unib com 8 semanas de idade e peso inicial 
de aproximadamente 22g, obtidos do CEMIB/UNICAMP, foram mantidos no Biotério 
Central da FOP/UNICAMP, sob controle de ciclo claro/escuro (12h/12h), com água e ração 
“ad libitum”. Os procedimentos realizados foram aprovados pela Comissão de Ética na 
Experimentação Animal da Universidade Estadual de Campinas (protocolo CEEA 2833-1). 
 
Procedimento cirúrgico 
 Para induzir a dentinogênese terciária reparativa, a exposição pulpar foi realizada no 
primeiro molar superior direito dos camundongos, como previamente descrito [3,4]. 
Inicialmente, os animais foram anestesiados intraperitonealmente com solução de Ketamina 
(100mg/kg) / Xilasina (10mg/Kg), e em seguida, utilizando-se de uma broca de carboneto 
(0.4 mm de diâmetro) (Komet, Brasil) acoplada a uma peça de mão reta, foi realizada uma 
cavidade na superfície oclusal do primeiro molar superior direito, até a polpa se tornar 
visível através da transparência da dentina. Logo em seguida a exposição pulpar foi 
realizada por meio de lima endodôntica rotatória de 0.15mm de diâmetro na ponta, 
acoplada a um contra-ângulo com redutor, perfurando o assoalho da cavidade até expor o 
tecido conjuntivo pulpar, fazendo com que o tamanho da exposição pulpar fosse 
padronizado em aproximadamente 150 µm. As polpas expostas foram capeadas com 
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agregado de trióxido mineral (MTA, Mineral Trioxide Aggregate) (Angelus S/A, Paraná, 
Brazil), preparado de acordo com o fabricante, utilizando-se de uma sonda exploradora de 
ponta reta e um cone de papel estéril (n°35) (Dentsply Maillefer, Switzerland). Então, a 
cavidade foi selada com resina odontológica fotopolimerizável (Z100 3M, São Paulo, 
Brazil), associada a um sistema adesivo autocondicionante (Clearfill SE Bond, Japan), 
seguindo recomendações do fabricante. Todo o procedimento foi realizado com auxílio de 
um microscópio cirúrgico (UM-M19, DF Vasconcelos S/A, Brasil). O excesso de resina foi 
removido com a broca. Além disso, na face oclusal do segundo molar superior direito, foi 
realizado o mesmo procedimento, com exceção da exposição pulpar e capeamento com 
MTA, para induzir a dentinogênese terciária reacional. Os primeiros e segundos molares 
contralaterais (esquerdos) serviram como controle (dentes sadios) dos procedimentos 
cirúrgicos. 
 
Tratamento com PTH 
 Após a cirurgia, os animais do grupo PTH (n=10) receberam injeções subcutâneas 
de hPTH (1-34) (Sigma, USA) na dose de 40µg/Kg [14], em dias alternados, durante 8 
semanas, enquanto que os animais do grupo Controle (n=10) receberam no mesmo período, 
injeções subcutâneas do veículo do PTH (ácido acético glacial 0.01%), como placebo. 
 
Sacrifício e obtenção das amostras 
Inicialmente, os animais foram anestesiados intraperitonealmente com uma solução 
de ketamina (150mg/kg) / Xilasina (10mg/Kg), seguido de perfusão intracardíaca com 
solução fixadora (paraformaldeído 0.2% e glutaraldeído 0.25%) por 10 minutos 
(anteriormente foi bombeado soro fisiológico por 1 minuto para retirar o sangue da 
circulação). Ao final da perfusão, as maxilas foram removidas e dissecadas na região dos 
molares, e imersas em solução fixadora (paraformaldeído 0.4% e glutaraldeído 0.5%) a 4°C 
por 48 horas. 
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Microtomografia Computadorizada (Micro-CT) 
Todas as maxilas foram escaneadas em um microtomógrafo computadorizado 
(Skyscan 1174, Bruker Corporation, Bélgica) utilizando-se os seguintes parâmetros: 50kV 
de aceleração de voltagem; 800µA de corrente do feixe; filtro de raio-X = AL 0.5mm; 
resolução de 6.6µm; rotação de 180° com 0.3°C/scan. As imagens escaneadas foram 
reconstruídas utilizando o programa NRecon (Skyscan, Bruker Corporation, Bélgica), 
ajustando os parâmetros de reconstrução de acordo com os valores médios das amostras. As 
imagens reconstruídas foram salvas com extensão BMP. 
 
Análise do volume pulpar 
 A análise do volume pulpar ocorreu apenas no segundo molar, a fim de investigar 
indiretamente a formação de dentina reacional após a indução por desgaste. Inicialmente, as 
imagens da reconstrução com extensão BMP foram convertidas em Dicom utilizando o 
programa Dicom Converter (Skyscan, Bruker Corporation, Bélgica). As imagens 
convertidas foram importadas no programa InVesalius 3.0B (Centro de Tecnologia da 
Informação “Renato Archer”, Campinas, Brasil), e o “threshold” foi configurado para a 
estrutura de interesse (polpa). O “threshold” é baseado nos valores de densidade de pixel, 
expresso em HU (Hounsfield Units), permitindo assim a segmentação das estruturas de 
interesse, por exemplo, tecido duro (dentina) e tecido mole (polpa).  O valor de “threshold” 
variou para cada amostra, dependendo da densidade e da reconstrução de cada amostra. 
Para o cálculo do volume pulpar, foi realizada a construção de uma superfície 
tridimensional (3D) a partir da segmentação da polpa, transformando o pixel (Figura 1A), 
que é bidimensional, em voxel (Figura 1B), que é tridimensional, e por fim, subdividindo o 
voxel para formar uma superfície de aspecto triangulado em STL (estereolitografia) (Figura 
1C), cuja reprodução da superfície in vivo é mais precisa [15]. A partir da geometria 3D em 
formato STL, que é referente à polpa, foi realizado o cálculo do volume utilizando o 
software Rinoceros 5 (McNeel & associados, EUA), obtendo valores em µm3. Foram 
obtidos os valores percentuais do volume pulpar dos dentes que sofreram injúria em relação 
aos respectivos dentes contralaterais (sadios), em ambos os grupos experimentais (Controle 
e PTH).  As diferenças encontradas foram atribuídas à formação de dentina reacional após a 
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indução por desgaste, e os dados foram expressos como porcentagem de dentina reacional 
formada.  
 
 Figura 1 – Análise do volume pulpar utilizando o software InVesallius. (A) Imagem da 
reconstrução mostrando a seleção dos pixels referentes à polpa (azul). Seta amarela = região do 
desgaste. (B) Construção de uma superfície tridimensional (voxel) a partir da segmentação da 
polpa. (C) Superfície de aspecto triangulado em STL (estereolitografia), a partir da subdivisão dos 
voxels (cubos) em triângulos, deixando a superfície mais fiel ao in vivo. A partir deste modelo STL 
foi calculado o volume pulpar utilizando o software Rinoceros 5. 
 
Microscopia eletrônica de varredura (MEV-EDS) 
 Preparo das amostras 
 A análise do conteúdo mineral ocorreu apenas no segundo molar, o qual sofreu 
desgaste. Inicialmente, as maxilas não-desmineralizadas foram processadas para inclusão 
em polimetil-metacrilato (PMMA) (VIPI FLASH, SP, Brazil). Após lavagem em tampão 
fosfato-salino (PBS), as maxilas (n=3 por grupo) foram desidratadas em soluções 
crescentes de etanol (30, 50, 70, 80 e 100%) e infiltradas em resina acrílica a vácuo. Por 
fim, as maxilas foram incluídas em PMMA 1,5% em moldes plásticos, polimerizando por 
24 horas a temperatura ambiente sem vácuo. Utilizando um micrótomo de tecidos duros 
(Modelo 650, South Bay Technology, CA, USA), foram obtidos cortes transversais grossos 
da região do desgaste no segundo molar (1 corte para cada amostra), os quais foram 
desgastados utilizando lixas de carbeto de silício (SiC) n° 1200 e 2000 (Norton S/A, SP, 
Brasil), até a espessura de 500 µm. Os cortes foram submetidos a um banho de água 
destilada no ultrassom (B-1210-MTH, Branson Ultrasonic Corporation, CT, USA) por 1 
hora, e então, foram fixadas em porta espécimes (stubs) de acrílico com auxílio de fita 
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adesiva dupla face de carbono (Electron Microscopy Sciences, Washington, USA), 
permanecendo 24 horas em temperatura ambiente para secar.  
 
Microanálise em EDS 
Para análise da composição relativa dos elementos químicos da dentina terciária 
reacional, as amostras receberam cobertura de carbono, usando o equipamento evaporador 
(Desk II Sputtering, Denton Vacuum, NJ, USA), e foram analisadas utilizando o sistema de 
microanálise de EDS (Espectroscopia de dispersão de energia) (Vantage, NORAN 
Instruments, Middleton, WI.,  USA), através de imagens obtidas no Microscópio Eletrônico 
de Varredura (MEV) (JXA-840A; JEOL, Tokyo, Japan) com aceleração de voltagem de 
15kV e aumento de 200 vezes. As análises foram realizadas em diferentes regiões na 
dentina (Figura 2), determinadas da seguinte maneira: a distância da polpa até a restauração 
(injúria) ou esmalte (sadio) foi dividida em três regiões (± 50-70 µm de espessura cada): (a) 
dentina mais próxima da polpa; (b) dentina intermediária; (c) dentina mais distante da 
polpa. Além disso, a análise também foi realizada em uma dentina externa (d), a qual não 
está relacionada com o defeito.  
 
Figura 2 – Imagens obtidas em Microscopia Eletrônica de Varredura. (A) Região restaurada, onde 
foi realizado o desgaste dentinário (seta) (aumento de 65x). (B) Imagem em maior aumento (200X) 
mostrando as regiões da dentina onde foram realizadas as análises das concentrações relativas de 
Calcio, Fósforo e Zinco por meio da microanálise em EDS: (a) dentina mais próxima da polpa; (b) 
dentina intermediária; (c) dentina mais distante da polpa; (d) dentina externa. P (polpa), R 
(restauração). 
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Em cada uma das regiões citadas foram obtidas a quantificação do Cálcio (Ca), 
Fósforo (P) e Zinco (Zn), em porcentagem por peso de cada elemento (Wt%), de cinco 
áreas. A partir dos cinco valores obtidos, foram calculados os valores médios (%) de cada 
elemento, para cada região no dente que sofreu desgaste e no dente contralateral (sadio), de 
ambos os grupos experimentais, Controle e PTH. 
  
Processamento histológico  
 As maxilas (n=7 por grupo) foram lavadas em PBS e descalcificadas em EDTA 
(ácido etilenodiamino tetra-acético) 15% a 4°C por 7 dias. Após nova lavagem em PBS, as 
amostras foram desidratadas em soluções crescentes de etanol (30, 50, 70, 80 e 100%) e 
infiltradas e incluídas em paraplast (McCornick Scientific, USA). O processamento 
histológico ocorreu em um aparelho processador de tecidos (modelo PT 05, Lupe, MG, 
Brasil), o qual permitiu padronizar os tempos em cada solução e a temperatura da paraplast 
na infiltração, para todas as amostras. Foram obtidos cortes histológicos frontais não-
seriados, de 6 µm de espessura, dos primeiros e segundos molares superiores (modelo RM 
2155, Leica, Germany), os quais foram coletados em lâminas de vidro (Perfecta, SP, 
Brasil), processados para coloração em Hematoxilina e Eosina (H&E) ou tricrômico de 
Mallory e montados com Entellan (Merck, Germany). Por meio de um microscópio de luz 
(DM LP, Leica Microsystems Inc., Germany), utilizando um programa de captura de 
imagens (LAS, Leica Application Suite, Leica Microsystems Inc., Germany), foram obtidas 
imagens em diferentes aumentos, das regiões do preparo cavitário (primeiro molar) e 
desgaste (segundo molar), assim como dos dentes contralaterais (sadios), dos grupos 
Controle e PTH. 
 
Análise Estatística 
Para análise dos dados de volume pulpar foi utilizado o Teste T não pareado 
(bilateral). Os dados de EDS foram submetidos à análise da variância, (ANOVA), 
utilizando o teste F para verificar a diferença entre os tratamentos. O detalhamento da 
análise para comparação das médias duas a duas, foi feito pelo teste de Tukey. Em ambos 
os casos foram considerados significativos os valores de p<0.05. A análise estatística foi 
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realizada pelo software BioEstat 5.0 e todos os dados estão apresentados como média ± 
desvio padrão. 
 
Resultados 
A análise do volume pulpar revelou que em ambos os grupos experimentais, 
Controle e PTH, o dente que sofreu injúria por desgaste apresentou um volume pulpar 
menor (µm3) em relação ao dente contralateral (sadio) (Controle: sadio=43.5±8.3, 
injúria=39.3±11.3; PTH: sadio=42.4±8.1, injúria=40.5±9.3), o que foi relacionado à 
formação de dentina terciária reacional durante o período de reparo. Embora a formação 
média de dentina reacional tenha sido maior no grupo Controle (10%) em relação ao grupo 
PTH (5%), esta diferença não foi significativa (Figura 3). 
 
Figura 3 – Análise indireta da formação de dentina terciária reacional durante o período de reparo, 
a partir dos dados de volume pulpar dos dentes que sofreram injúria em relação aos seus respectivos 
dentes contralaterais (sadios). Os valores percentuais médios mostram que, embora a formação de 
dentina reacional tenha sido maior no grupo Controle em relação ao grupo PTH (5%), esta diferença 
não foi significativa 
  
A figura 4 mostra a análise da composição relativa dos elementos químicos na 
dentina por meio de EDS (Espectroscopia de dispersão de energia), após indução da 
dentinogênese terciária reacional. Não houve diferença estatística na concentração relativa 
de Fósforo (P) entre os grupos experimentais, entre as condições estabelecidas (injúria e 
sadio), nem mesmo entre as diferentes regiões avaliadas (Figura 4A). Porém, o grupo PTH 
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mostrou uma diminuição significativa na concentração relativa de Cálcio (Ca) (Figura 4B) 
e um aumento também significativo na concentração relativa de Zinco (Zn) (Figura 4C), 
quando comparado com o grupo Controle. Também foi possível observar que estas 
diferenças (aumento de Zn e diminuição de Ca) entre os grupos Controle e PTH, foram 
mais acentuadas na dentina mais próxima da polpa (a), embora tenham sido independentes 
da indução da dentinogênese reacional, uma vez que as mesmas diferenças podem ser 
observadas nos dentes sadios. 
 
Figura 4 – Microanálise em EDS/MEV da composição relativa dos elementos químicos em 
diferentes regiões da dentina: (a) dentina mais próxima da polpa, (b) dentina intermediária, (c) 
dentina mais distante da polpa, (d) dentina externa, após indução da dentinogênese terciária 
reacional (injúria). (A) Não houve diferença estatística na concentração relativa de Fósforo entre 
nenhuma das condições estabelecidas. (B) O grupo PTH mostrou uma diminuição significativa 
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(p<0.01) na concentração relativa de Cálcio quando comparado com o grupo Controle, em ambas as 
condições, injúria e sadio, e em todas as regiões analisadas. (C) O grupo PTH mostrou um aumento 
significativo (p<0.01) na concentração relativa de Zinco quando comparado com o grupo Controle 
em ambas as condições avaliadas, injúria e sadio. Embora este aumento tenha sido mais acentuado 
na dentina mais próxima da polpa (a), esta diferença foi observada em todas as regiões analisadas. 
 
A partir da coloração dos cortes histológicos em H&E e tricrômico de Mallory, foi 
realizada uma avaliação qualitativa da formação de dentina terciária reacional e reparativa 
após 8 semanas de reparo. Nenhuma análise quantitativa foi realizada para comparar os 
grupos Controle e PTH. A figura 5 mostra que o desgaste realizado na dentina do segundo 
molar induziu a formação de dentina terciária reacional, que pode ser distinguida, tanto em 
HE quanto em tricrômico de Mallory, pela mudança de coloração. Em relação à dentina 
reparativa, pode=se observar que houve formação de um tecido reparador no interior da 
polpa exposta em ambos os grupos experimentais, Controle e PTH, e é possível notar a 
presença de células na superfície e englobadas pelo novo tecido formado (Figura 6). 
 
Figura 5 – Cortes histológicos frontais dos segundos molares de camundongos, corados com 
Hematoxilina e Eosina (HE) (A-D) e Tricrômico de Mallory (E-H), representando os dentes sadios 
(A,E) e os dentes que sofreram injúria em ambos os grupos experimentais, Controle (B,F) e PTH 
(C,G). Pode-se observar nos dentes que sofreram injúria por desgaste (seta) a formação da dentina 
terciária reacional (asterisco). Em D e H, podemos observar com mais detalhes a dentina reacional 
formada (área tracejada), distinguida da dentina restante pela mudança na coloração. Aumento de 
50x (A-C;E-G) e 100x (D,H).  
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Figura 6 – Cortes histológicos frontais dos primeiros molares de camundongos, corados com 
Hematoxilina e Eosina, mostrando a região onde foi realizada a exposição pulpar (linha tracejada) e 
a formação de um tecido reparador (setas amarelas) no interior da polpa em ambos os grupos 
experimentais, Controle (A,B) e PTH (C,D). Em C podemos notar a presença de uma camada de 
células (setas azuis) formando um novo tecido no interior da polpa (asteriscos).  Em D podemos 
notar a presença de células englobadas (círculos) pelo novo tecido formado. Aumento de 50x (A,C) 
e 100x (B,D).  
 
Discussão 
A prevenção e tratamento da perda do tecido dentário são os principais desafios na 
odontologia. Estima-se que 90% dos adultos nos países ocidentais sofrem algum tipo de 
doença dentária que pode levar a perda de parte ou perda total de elementos dentários [16]. 
Por exemplo, só nos EUA, o gasto anual associado a serviços odontológicos ultrapassa $ 
100 bilhões de dólares [17]. Apesar da odontologia preventiva e curativa ter sofrido 
avanços significativos nos últimos anos [18,19], muitas estratégias vêm sendo elaboradas a 
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fim de entender os mecanismos envolvidos no reparo do tecido dentinário e, sobretudo 
promover uma aceleração do processo normal de reparo [20].  
A formação de dentina terciária pode ser testada em animais por meio de alguns 
modelos experimentais, os quais proporcionam uma alternativa aceitável para comparações 
ao que acontece no humano. Modelos experimentais incluindo macaco [21], cão [22], rato 
[23] e camundongo [3,4], têm sido utilizados tanto para esclarecer mecanismos que 
envolvem o reparo dentinário, quanto para testar substâncias bio-ativas e diferentes tipos de 
drogas que possam favorecer, e até mesmo acelerar o processo de neo-formação dentinária 
[24,25]. 
No presente estudo, a formação da dentina terciária reacional foi induzida a partir de 
um desgaste na face oclusal do segundo molar superior direito, fazendo com que os 
odontoblastos pré-existentes sintetizassem a nova dentina de maneira centrípeta, o que 
levaria a uma diminuição do volume pulpar. A análise do volume pulpar revelou que em 
ambos os grupos, Controle e PTH, o dente que sofreu injúria por desgaste apresentou um 
volume pulpar menor em relação ao dente contralateral (sadio), o que foi relacionado à 
formação de dentina terciária reacional durante o período de reparo. Isso pôde ser 
confirmado nos cortes histológicos, que mostram que o desgaste realizado na dentina do 
segundo molar induziu a formação de dentina terciária reacional em ambos os grupos 
(Figura 5). Em um estudo prévio nós demonstramos que a administração intermitente de 
PTH causou um aumento da taxa de aposição dentinária durante a formação de dentes 
incisivos em camundongos [14], porém, no presente estudo, a administração intermitente de 
PTH não acelerou o processo de formação de dentina reacional em relação ao grupo 
Controle (Figura 3).  
Durante o processo de reparo dentinário, acredita-se que são recapitulados eventos 
do desenvolvimento [5], onde inicialmente, os odontoblastos sintetizam uma matriz 
orgânica rica em colágeno tipo I, e posteriormente depositam cristais de hidroxiapatita 
nesta matriz. É importante compreender como os íons que constituem a fase mineral nos 
tecidos mineralizados são transportados da circulação para o sítio de formação mineral e 
como este transporte é regulado [26]. Os íons minerais cálcio e fosfato são essenciais na 
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composição dos cristais minerais durante a dentinogênese [8-10], sendo regulados no 
organismo principalmente pelo hormônio paratireóideo (PTH).  
Vêm sendo estudado, in vitro e in vivo, o modo de incorporação de Zn na 
hidroxiapatita, especificamente o sítio de ligação e sua estrutura local [27-29], uma vez que, 
embora na dentina os íons Zn podem ser detectados na fase orgânica (ex: colágeno), eles 
possuem maior afinidade com a fase inorgânica (hidroxiapatita) [30]. A investigação do 
comportamento estrutural de Zn em hidroxiapatita fornece informações valiosas para 
futuros estudos de armazenamento e transporte de Zn envolvendo tecidos mineralizados, e 
consequentemente, a regulação do metabolismo de Zn no organismo [28]. Muitos estudos 
mostram que o zinco está associado com genes reguladores de formação óssea. Além disso, 
a deficiência de zinco tem sido associada à doença oral, e susceptibilidade a cárie dentária 
[31]. No entanto, o papel do zinco na diferenciação de odontoblastos e na mineralização da 
dentina ainda não foi claramente definido. 
No presente estudo, a análise da composição relativa dos elementos químicos por 
EDS, nos mostra que não houve diferença significativa na concentração relativa de Fósforo 
(P) entre os grupos PTH e Controle, nem mesmo nas diferentes condições estabelecidas 
(injúria e saudável) e regiões analisadas (Figura 4A). Porém, a administração intermitente 
de PTH levou a uma diminuição significativa na concentração de Cálcio (Ca) e um 
aumento também significativo da concentração de Zinco (Zn) na dentina em relação ao 
grupo Controle (Figura 4B-C). Estas alterações foram independentes da indução da 
dentinogênese terciária e da região analisada, mostrando um efeito isolado do tratamento 
com PTH. 
A secreção ou administração de PTH leva a uma redução dos níveis séricos de Zn, 
podendo ser incorporado nos tecidos [32]. O mecanismo pelo qual o PTH estimula o 
transporte de Zn da corrente sanguínea para absorção de Zn o que consequentemente leva 
redução dos níveis séricos de zinco pode estar relacionado com o fato de o PTH possuir 
uma propriedade ionófora ao cálcio [33], e que o zinco é capaz de ser transportado através 
de canais de Ca/K [33,34]. Portanto, é necessário investigar os níveis séricos destes 
elementos para mostrar que estas alterações estão realmente relacionadas com a ação da 
administração intermitente de PTH. 
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Outro fator relevante é o fato de que, devido a sua estrutura flexível, a hidroxiapatita 
acomoda facilmente substituições catiônicas e aniônicas [28]. Ensaios in vitro com 
hidroxiapatita sintética mostram que, ao invés dos átomos de zinco se ligarem à superfície 
dos cristais de hidroxiapatita, eles podem ocupar eventualmente os sítios de Ca e P no 
cristal de hidroxiapatita [28]. No entanto, devido à diferença de carga e de tamanho, é 
muito pouco provável que ocorra a substituição de Zn no local de P, o que poderia 
perturbar a estrutura local e equilíbrio de carga [28]. A substituição de zinco nos sítios de 
Ca parece ser mais adequada, pois ambos contêm cátions bivalentes [27,28,35]. Esses fatos 
sugerem que, no presente estudo, a administração intermitente de PTH levou a uma 
substituição de Ca por Zn na dentina. 
Diferente da dentinogênese terciária reacional, onde a dentina é formada por 
odontoblastos que sobreviveram à injúria, em lesões que ocasionam a morte dos 
odontoblastos, o processo de reparo é mais complexo, pois requer o recrutamento e 
posterior diferenciação de novas células para secretar uma dentina terciária reparativa [1,2]. 
A formação de dentina terciária reparativa pode ser estimulada a partir da exposição pulpar, 
seguida de um capeamento direto usando um material adequado, o que pode induzir uma 
resposta protetora da dentinogênese reparativa resultando na formação de ponte de dentina 
[3,4]. Embora a dentinogênese reparativa já tenha sido investigada em vários modelos 
animais [21-23], o camundongo tem sido utilizado [3,4], pois representa um modelo de 
laboratório interessante e bem caracterizado, especificamente em relação aos transgênicos. 
No presente estudo, a indução da dentinogênese terciária reparativa foi realizada no 
primeiro molar superior direito dos camundongos, seguido da administração intermitente de 
PTH por 8 semanas para avaliar o potencial anabólico deste hormônio no reparo dentinário. 
Em outros trabalhos já foi evidenciado que 8 semanas de reparo são suficientes para 
visualização da formação de dentina terciária reparativa [3,4], portanto sendo um período 
razoável pra encontrar possíveis efeitos de algum tratamento usando esse modelo. 
Podemos observar que após o período de reparo, houve a formação de um tecido 
reparador no interior da polpa exposta, e este tecido foi formado tanto no grupo Controle 
quanto no grupo PTH (Figura 6). Embora seja difícil definir a natureza do tecido formado, 
como foi formado em resposta reparativa da polpa, é razoável considerá-lo como dentina 
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terciária reparativa. Talvez seja necessário realizar análises imunohistoquímicas para 
confirmar a natureza do tecido formado.  Como não foi observada a formação de uma ponte 
de dentina bem-definida, foi impossibilitada a avaliação quantitativa do efeito da 
administração intermitente de PTH na dentinogênese terciária raparativa neste modelo. Este 
modelo apresenta algumas limitações, pois se utiliza de dentes inicialmente sadios, 
enquanto que a inflamação da polpa geralmente está presente em uma situação clínica, além 
do aparecimento de pedaços de dentina ou detritos provenientes da criação da exposição 
pulpar, o que pode contribuir para a resposta reparativa na polpa [3]. 
Em conclusão, o desgaste realizado no segundo molar dos camundongos de fato 
induziu a formação de dentina terciária reacional, porém o PTH não teve efeito na 
quantidade de dentina reacional formada. A administração intermitente de PTH levou a um 
aumento de Zinco na dentina em substituição ao Cálcio independentemente da 
dentinogênese reacional. Por fim a exposição pulpar causou a formação de um tecido 
reparador no interior da polpa após 8 semanas de reparo, sendo necessário futuras 
investigações da natureza do tecido formado. 
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CONCLUSÃO 
O PTH modula a mineralização, apoptose e proliferação de odontoblastos 
MDPC-23 in vitro de maneira dependente do tempo. Além disso, as vias de 
sinalização PKA e PKC, participam da modulação proliferativa e apoptótica 
induzida por PTH de um modo antagonista. Enquanto a via PKA participa da 
resposta à curta exposição ao PTH, mantendo os níveis de proliferação e 
apoptose de MDPC-23, a via PKC está envolvida principalmente em longos 
tempos de exposição ao PTH, levando à uma redução da proliferação e aumento 
da apoptose celular. 
A administração intermitente de PTH não teve efeito no tamanho dos 
cristais minerais na dentina, durante a formação de incisivos em camundongos. 
O modelo de desgaste realizado no segundo molar dos camundongos de 
fato induziu a formação de dentina terciária reacional, porém o PTH não teve 
efeito na quantidade de dentina reacional formada. A administração intermitente 
de PTH, independente da dentinogênese reacional, levou a um aumento de Zinco 
na dentina em substituição ao Cálcio. 
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